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(57) ABSTRACT

An 1mplantable device and associated method for delivering
multi-site pacing therapy 1s disclosed. The device comprises
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lar electrodes spatially separated from one another and a
right ventricular electrode, all coupled to an implantable
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ured to determine whether a prospective heart failure con-
dition has occurred and if so to trigger the pulse generator to
switch from a first pacing mode to a second pacing mode, the
first pacing mode comprising delivering only a first pacing
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pacing pulse to the nght ventricular electrode within a single

cardiac cycle and the second pacing mode comprising
delivering first and a second pacing pulses to the LV and
thereafter delivering an RV pacing pulse to the right ven-
tricular electrode within a single cardiac cycle.
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?/’ 200

' Select first cathode and first anode {o form
the pacing vector

202

Select second cathode and second anode to form '
second pacing vector .
T E e 206
Deliver first pacing pulses to first pacing vector __
positioned at first site .

208

204

Deliver second pacing pulses to second pacing
vector positioned at second site, the second pacing
puise having different pacing characteristics than

the first pacing pulse
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1

EFFICIENT DELIVERY OF MULITI-SITE
PACING

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a divisional of U.S. patent
application Ser. No. 16/196,732, filed Nov. 20, 2018, which

claims the benefit of U.S. Provisional Application Ser. No.
62/589,906, filed Nov. 22, 2017, each of which 1s incorpo-

rated herein by reference in 1ts entirety.

FIELD OF THE DISCLOSURE

The disclosure relates generally to medical devices for
delivering electrical stimulation and, in particular, to an
apparatus and method for multi-site pacing in the heart.

BACKGROUND

Cardiac resynchromization therapy (CRT) 1s a treatment
for heart failure patients in which one or more heart cham-
bers are electrically stimulated (paced) to restore or improve
heart chamber synchrony. CRT therapy involves biventricu-
lar pacing which consists of pacing the right ventricle (RV)
with a RV electrode and a left ventricle (LV) with a LV
clectrode or monoventricular pacing which consists of pac-
ing only the left ventricle. Achieving a positive clinical
benefit from CRT depends in part on the location of the
pacing site, particularly in the left ventricle (LV). Placement
of the pacing leads and selecting electrode pacing sites 1s
important 1 promoting a positive outcome from CRT.
Multi-site pacing 1n a given heart chamber may potentially
achieve greater restoration of heart chamber synchrony and
therapeutic benefit.

A CRT device can be configured to deliver multisite
pacing through a quadripolar lead placed 1n a coronary sinus
branch vein during a single cardiac cycle. However, it 1s
desirable to develop systems and/or methods that efliciently
and automatically switch between pacing from a single site
to pacing multisite locations within a single cardiac cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an mmplantable medical device (IMD)
coupled to a patient’s heart.

FIG. 2 1s a functional block diagram of the IMD shown in
FIG. 1.

FIG. 3A 1s a schematic circuit diagram of a switching
matrix for delivering multi-site pacing.

FIG. 3B 1s a schematic circuit diagram of a switching
matrix that selects a path requiring an electrode to serve as
a cathode.

FIG. 3C 1s a schematic circuit diagram of a switching
matrix that selects a path requiring an electrode to serve as
an anode.

FIG. 4 1s a flow chart of a method for selecting electrodes
to deliver multi-site pacing therapy.

FIG. 5 1s a graphical user interface of a computer when
determining programmable options related to multi-pacing
ol cardiac tissue.

FIG. 6 1s a timing diagram that depicts a pacing pulse
delivered to a right ventricle, first and second pacing pulses
delivered to the left ventricle along with respective coupling
capacitor recharge times.

FIG. 7 1s a timing diagram that shows a first and second
pacing pulse delivered to a left ventricle, a third pacing pulse
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2

delivered to the right ventricle along with respective cou-
pling capacitor recharge times.

FIG. 8 1s a timing diagram that shows a pacing pulse
delivered to a right ventricle, first and second pacing pulses
delivered to the left ventricle along with respective coupling
capacitor recharge times.

FIG. 9 1s a timing diagram that shows a pacing pulse
delivered to a right ventricle, first and second pacing pulses
delivered to the left ventricle along with respective coupling
capacitor recharge times.

FIG. 10 1s a timing diagram that shows a pacing pulse
delivered to a right ventricle, first and second pacing pulses
delivered to the left ventricle along with respective coupling
capacitor recharge times.

FIG. 11 1s a timing diagram that shows first and second
pacing pulses delivered to the leit ventricle, a pacing pulse
delivered to a nght ventricle along with respective coupling
capacitor recharge times.

FIG. 12A depicts a simplified view of a portion of the
switching matrix from FIGS. 3A-3C.

FIG. 12B depicts the switches that are either open or
closed 1n the switching matrix of FIG. 12A when a pacing
pulse 1s being delivered.

FIG. 12C depicts the switches that are either open or
closed 1n the switching matrix of FIG. 12A when passive
recharge occurs.

FIG. 13A 1s a flow diagram depicting a first embodiment
related to determining whether multi-point pacing etlec-
tively captures cardiac tissue.

FIG. 13B 1s a flow diagram depicting a second embodi-
ment related to determining whether multi-point pacing
cllectively captures cardiac tissue.

FIG. 14 1s a flow diagram depicting in which each
clectrode 1s evaluated to determine whether a pace ellec-
tively captures cardiac tissue.

FIG. 15A 1s a unipolar electrogram measured from a first
LV electrode V1 to an indifferent electrode RV Coil,
showing eflective capture occurred at a first left ventricular
(LV1) electrode.

FIG. 15B 1s a unipolar electrogram measured from a
second LV electrode LV2 to an indifferent electrode RV Coil
showing effective capture occurred at a second left ventricu-
lar (LV2).

FIG. 15C 1s a umipolar electrogram measured from the
first LV electrode V1 to an indifferent electrode RV Coil,
showing eflective capture occurred at a first left ventricular
(LV1) electrode.

FIG. 15D shows a unipolar electrogram measured from
the second LV electrode LV2 to an indifferent electrode RV
Coil, showing inetlective capture at the second LV electrode
(LV2).

FIG. 16 depicts a simplified view of a portion of the
switching matrix from FIGS. 3A-3C 1n which the recharging
time period, associated with a coupling capacitor, 1s adjust-
able and dependent upon voltage sensed at a pacing site by
a pacing electrode.

FIG. 17 1s diagram that generally shows switching
between delivering electrical stimuli at a single pacing site
to multisite pacing during a single cardiac cycle.

FIG. 18 1s diagram that generally depicts steps involved
in switching between delivering electrical stimuli at a single
pacing site to multisite pacing during a single cardiac cycle.

FIG. 19 1s diagram that generally depicts steps involved
in switching between delivering electrical stimuli at a single
pacing site to multisite pacing during a single cardiac cycle.

FIG. 20 1s a flow diagram that 1s implemented by an
implantable medical device that detects ineffective capture
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and, 1n response, automatically switches between pacing a
single site to delivering multisite pacing along a single
chamber (e.g. left ventricle etc.) during a single cardiac
cycle.

SUMMARY OF THE

DISCLOSURE

One or more embodiments are directed to an implantable
device and associated method for delivering multi-site pac-
ing therapy i1s disclosed. The device comprises a set of
clectrodes including a first and second left ventricular elec-
trodes spatially separated from one another and a right
ventricular electrode, all coupled to an implantable pulse
generator. The processing circuit coupled to the implantable
pulse generator, the processing circuit configured to deter-
mine whether a prospective heart failure condition has
occurred and 1f so to trigger the pulse generator to switch
from a first pacing mode to a second pacing mode, the first
pacing mode comprising delivering only a first pacing pulse
to a left ventricle (LV) and thereafter delivering an RV
pacing pulse to the right ventricular electrode within a single
cardiac cycle and the second pacing mode comprising
delivering first and a second pacing pulses to the LV and
thereafter delivering an RV pacing pulse to the right ven-
tricular electrode within a single cardiac cycle.

DETAILED DESCRIPTION

In the following description, references are made to
illustrative embodiments. It 1s understood that other embodi-
ments may be utilized without departing from the scope of
the disclosure. As used herein, the term “module” refers to
an application specific integrated circuit (ASIC), an elec-
tronic circuit, a processor (shared, dedicated, or group) and
memory that execute one or more software or firmware
programs, a combinational logic circuit, or other suitable
components that provide the described functionality.

In the following description, a dual-chamber (biventricu-
lar) pacing device 1s described as one illustrative embodi-
ment of a device that may utilize the multi-site pacing
methods described herein. This device 1s used 1n particular
for delivering cardiac resynchronization therapy (CRT) by
pacing one or both ventricles. It should be recognized,
however, that multi-site pacing may be implemented in
numerous device configurations that include at least bipolar
pacing capabilities in one or more heart chambers for
delivering CRT or any other pacing therapy. Furthermore,
aspects of the multi-site electrical stimulation methods may
be implemented in any medical device delivering electrical
stimulation to excitable body tissue and are not necessarily
limited to practice 1n cardiac pacing applications. CRT can
be delivered by one or more leadless pacing devices (e.g.
MICRA® commercially available from Medtronic, Inc.) or
with leads as shown and described 1n US 2015-0142069 Al
filed on Mar. 21, 2013, the disclosure of which 1s 1ncorpo-
rated 1n 1ts entirety herein. Additionally, the CRT therapy can
be delivered substernally. In one or more embodiments, the
CRT therapy 1s delivered via a pacing electrode via the
coronary sinus. In alternative embodiment, a pacing elec-
trode(s) 1s positioned 1nside the left ventricle for multi-site
pacing.

FIGS. 17-20 are methods employed by an implantable
medical device 10, 1n a closed loop system, to automatically
switch between conventional single site pacing of a cardiac
site to multisite pacing. Switching between conventional
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single site pacing of a cardiac site to multisite pacing may be
helptul 1n achieving capture of cardiac tissue or treatment of
the patient.

FIG. 1 depicts a therapy system. The therapy system can
comprise 1mplantable medical device (IMD) 10 coupled to
a patient’s heart 8 by way of a right ventricular (RV) lead 16
and a coronary sinus (CS) lead 18. An exemplary leit
ventricular lead with a set of spaced apart electrodes 1s
shown 1n U.S. patent application Ser. No. 13/464,181 filed
on May 4, 2012 by Ghosh et al., commonly assigned by the
assignee of the present disclosure, the disclosure of which 1s
incorporated by reference 1n its entirety herein. Exemplary
clectrodes on leads to form pacing vectors are shown and
described 1n U.S. Pat. Nos. 8,355,784 B2, 8,965,507, 8,126,
546, all of which are incorporated by reference and can
implement features of the disclosure.

The IMD 10 1s embodied as a cardiac pacing device
provided for restoring ventricular synchrony by delivering
pacing pulses to one or both ventricles as needed to control
the heart activation sequence. The heart 8 1s shown 1n a
partially cut-away view illustrating the upper heart cham-
bers, the right atrtum (RA) and left atrium (LA), and the
lower heart chambers, the right ventricle (RV) and left
ventricle (LV), and the great cardiac vein 48, which branches
to form inferior cardiac veins. The great cardiac vein 48
opens 1nto the coronary sinus (CS) 1in the right atrium.

The transvenous leads 16 and 18 connect IMD 10 with the
RV and the LV, respectively. It 1s recognized that in some
embodiments, additional leads and/or electrodes may be
coupled to an IMD for connecting the IMD with the RA and
the LA to provide sensing and/or pacing in three or all four
chambers of the heart.

Each lead 16 and 18 carries pace/sense electrodes coupled
to insulated, elongated conductors extending through leads
16 and 18. A remote indifferent housing electrode 12 1s
formed as part of the outer surface of the housing of the IMD
10. The pace/sense electrodes and the remote indifferent
housing electrode 12 can be selectively employed to provide
a number of pace/sense electrode combinations for pacing
and sensing functions. The electrodes can be configured to
be “canodes,” which are electrodes configured to serve as
cathodes or anodes depending upon the selected path of the
clectrode.

RV lead 16 1s shown as a transvenous, endocardial lead
passed through the RA 1nto the RV. The RV lead 16 1s formed
with a proximal lead connector adapted for insertion into a
connector bore of IMD connector block 14. Examples of
connector modules may be seen with respect to U.S. Pat. No.
7,601,033 1ssued Oct. 13, 2009, U.S. Pat. No. 7,654,843
issued Feb. 2, 2010, and assigned to the assignee of the
present mvention, the disclosure of which are incorporated
by reference 1n their entirety herein. Connector module 14,
as 1llustrated, takes the form of an IS-4 quadrapolar con-
necter, but any appropriate connector mechanism may be
substituted. The lead connector (not shown in FIG. 1)
clectrically couples electrodes 20, 22, 24, and 26 carried by
RV lead 16 to internal circuitry of IMD 10 via connector
block 14. RV pace/sense tip electrode 20 and proximal RV
pace/sense ring electrode 22 are provided for RV pacing and
sensing of RV EGM signals. RV lead 16 additionally carries
an RV coil electrode 24 and a superior vena cava (SVC) coil
clectrode 26, which may be used for delivering high-voltage
cardioversion or defibrillation shocks. RV ring electrode 22,
RV coil electrode 24 or SVC coil electrode 26 are used 1n
some embodiments as an anode paired with an electrode
positioned along the LV for delivering unipolar pacing
pulses 1n the LV during anodal capture analysis.
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In the illustrative embodiment, a multi-polar LV CS lead
18 1s passed through the RA, into the CS and further into a
cardiac vein 48 to extend the distal four pace/sense elec-
trodes 30, 32, 34 and 36 along the LV chamber to achieve LV
pacing and sensing of LV EGM signals using any combi-
nation of electrodes 30 through 36. The LV CS lead 18 1s
coupled at a proximal end lead connector (not shown)
inserted mnto a bore of IMD connector block 14 to provide
clectrical coupling of electrodes 30 through 36 to IMD
internal circuitry. In other embodiments, the multi-polar lead
18 may include more than four electrodes or fewer than four
clectrodes. Any medical electrical lead configured to deliver
multi-site pacing pulses to tissue can be employed to 1mple-
ment the methods described herein. An exemplary medical
electrical lead can be the ATTAIN PERFORMA® LV lead,
commercially available from Medtronic, PLC. located 1n
Ireland. The lead can be used to implement method 200 to

deliver pacing pulses at the same time or about the same
time from two or more electrodes (e.g. LV1, LV2, LV3, LV4,
LVS3, LV6, LV7, LV8 . . . LVn where n 1s an integer
designated by the lead manufacturer).

In addition to or alternative embodiments, pace/sense
clectrodes may be operatively positioned along the LV for
pacing the LV myocardium using multiple LV leads
advanced into different cardiac veins, using endocardial
leads and electrodes, epicardial leads and electrodes, or any
combination thereof. As used herein, delivering electrical
stimuli that causes the ventricle to respond 1s commonly
referred to as capturing a ventricle. Additionally, pacing a
heart chamber using an electrode positioned “along a heart
chamber” refers to pacing the myocardial tissue of the heart
chamber to capture (1.e. evoke a response to the pacing
pulse) that heart chamber, and includes using electrodes
operatively positioned at endocardial, epicardial, or intrave-
nous locations or any combination thereof. To pace epicar-
dial tissue, an epicardial lead could be used. In one or more
embodiments, a leadless pacemaker device can be used for
pacing, such as that which 1s described in U.S. patent
application Ser. No. 14/178,711 filed on Feb. 12, 2014,
entitled SYSTEMS AND METHODS FOR LEADLESS
PACING AND SHOCK THERAPY, incorporated by refer-
ence 1n its entirety.

The depicted positions of the leads and electrodes shown
in FIG. 1 in or about the right and left ventricles are
approximate and merely 1illustrative. It 1s recognized that
alternative leads and pace/sense electrodes that are adapted
for placement at pacing or sensing sites on or in or relative
to the RA, LA, RV and/or LV may be used in conjunction
with the methods described herein. For example, in a three
chamber pacing device, a RA lead may be positioned
carrying a tip and ring electrode for pacing and sensing 1n
the right atrial chamber. Additionally, 1n a four chamber
embodiment, LV CS lead 22 could bear proximal LA CS
pace/sense electrode(s) positioned along the lead body to lie
adjacent the LA for use in pacing the LA or sensing LAEGM
signals. A multi-chamber device 1n which methods described
herein may be implemented 1s generally disclosed in U.S.
Pat. No. 7,555,336 to Sheth, et al., hereby incorporated
herein by reference in 1ts entirety.

The electrodes designated above as “pace/sense” elec-
trodes can generally be used for both pacing and sensing
functions. “Pace/sense” electrodes can be selected to be used
exclusively as pace or sense electrodes or to be used for both
pacing and sensing 1n programmed combinations for sensing,
cardiac signals and delivering cardiac stimulation pulses
along selected sensing and pacing vectors. A pacing vector
includes a pair of electrodes that comprise one or more
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cathodes and one or more anodes. Typically, the cathode
delivers the charge 1nto cardiac tissue since energy typically
flows from the cathode into the anode; however, the polarity
can be switched to cause the anode to deliver the charge to
the tissue. Separate or shared indifferent pace and sense
clectrodes can also be designated in pacing and sensing
functions, including the use of RV coil electrode 24 and/or
SVC cail electrode 26 as a pacing anode or used for sensing
cardiac signals.

FIG. 2 1s a functional block diagram of IMD 10. IMD 10
generally includes timing and control circuitry 52 and an
operating system that may employ processing circuitry 54
for controlling sensing and therapy delivery functions 1in
accordance with a programmed operating mode. For
example, timing and control circuitry 52 can signal switch-
ing matrix 38 (also referred to as switching circuit) to
perform a number of actions. To illustrate, timing and
control circuitry 52 can signal switching matrix 58 to cause
the switches to trigger the output capacitor to discharge a

pacing pulse to 1ts associated electrode. Details of pacing are
shown 1n 1n FIGS. 3A-3C and described below with respect
to switch matrix 58.

The switching matrix 38 can be configured to automati-
cally switch from delivering pacing pulses to a single LV
clectrode to a first and second LV electrodes when a trig-
gering condition 1s detected by the processing circuit 54.
Exemplary triggering conditions can include detection of a
patients’ worsening HF condition, ventricular arrhythmia,
ICD pos-shock condition. In one or more other embodi-
ments, a triggering condition may ivolve processor circuit
54 determining that a heart failure event (1.e. heart failure
hospitalization, heart attack, etc.) can occur within thirty
days.

In another example, a signal from timing and control 52
can cause the switches to allow the coupling capacitor to
recharge. Processor 54 and associated memory 36 are
coupled to the various components of IMD 10 via a data/
address bus 535. Processor 34, memory 56, timing and
control 52, and capture analysis module 80 may operate
cooperatively as a controller for executing and controlling
various functions of IMD 10.

Processing circuitry 34 may include any one or more of a
microprocessor, a controller, a digital state machine, a digital
signal processor (DSP), an application specific integrated
circuit (ASIC), a field-programmable gate array (FPGA), or
equivalent discrete or integrated logic circuitry. In some
examples, processor 54 may include multiple components,
such as any combination of one or more miCroprocessors,
one or more controllers, one or more DSPs, one or more
ASICs, or one or more FPGAs, as well as other discrete or
integrated logic circuitry. The functions attributed to pro-
cessor 54 herein may be embodied as software, firmware,
hardware or any combination thereof. In one example,
capture analysis module 80 and/or sensing module 60 may,
at least 1n part, be stored or encoded as instructions 1in
memory 356 that are executed by processor 54.

A therapy system can further comprise processing cir-
cuitry 54 configured to identily one or more features of a
cardiac contraction within the signal, determine whether the
cardiac contraction 1s a fusion beat based on the one or more
features, and control a timing interval for delivery of the
ventricular pacing based on the determination.

Another example 1s a method for delivering cardiac
resynchronization therapy by a pacing device. The method
comprising, by processing circuitry of a medical device
system comprising the pacing device receiving a signal from
a sensor of the pacing device, the signal indicating mechani-
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cal activity of a heart, identifying one or more features of a
cardiac contraction within the signal, determining whether
the cardiac contraction 1s a fusion beat based on the one or
more features, and controlling a timing interval for delivery
of ventricular pacing by the pacing device based on the
determination.

IMD 10 includes therapy delivery module 50 for deliv-
ering a therapy 1n response to determining a need for therapy
based on sensed physiological signals. Therapy delivery
module 50 includes a signal generator, or stimulation gen-
crator or implantable pulse generator, for providing electri-
cal stimulation therapies, such as cardiac pacing or arrhyth-
mia therapies, including cardiac resynchronization therapy.
Cardiac pacing involves delivering electrical pacing pulses
to the patient’s heart, e.g., to maintain the patient’s heart beat
(e.g., to regulate a patient’s heart beat, to improve and/or
maintain a patient’s hemodynamic efliciency, etc.). Cardiac
pacing can involve delivering electrical pacing pulses rang-
ing from about 0.25 volts to about 8 volts and more
preferably, between 2-3 volts. Therapies are delivered by
module 50 under the control of timing and control module
52. Therapy delivery module 50 1s coupled to two or more
clectrodes 68 via a switch matrix 38 for delivering pacing
pulses to the heart. Switch matrix 58 may be used for
selecting which electrodes and corresponding polarities are
used for delivering electrical stimulation pulses. Electrodes
68 may correspond to the electrodes 12, 20, 22, 24, 26, 30,
32, 34, and 36 shown 1n FIG. 1 or any electrodes coupled to
IMD 10.

Timing and control 52, 1n cooperation with processor 54
and capture analysis module 80, control the delivery of
pacing pulses and/or recharge signals by therapy delivery
module 350 according to a programmed therapy protocol,
which includes the option of selecting multi-site pacing at
sites along a heart chamber using methods described herein.
Selection of multiple pacing sites and control of the pacing
therapy delivered may be based on results of activation time
measurements or an anodal capture analysis algorithm or a
combination of both, an example of which may be seen with
respect to U.S. patent application Ser. No. 13/301,084 filed
on Nov. 21, 2011 by Demmer et al., commonly assigned by
the assignee of the present disclosure, the disclosure of
which 1s 1incorporated by reference in its entirety herein.

For example, the detection of anodal capture may be used
to select which of electrodes 30 through 36 and correspond-
ing polarities are used 1n delivering a cardiac pacing therapy.
As such, capture analysis module 80 1s configured to deter-
mine pacing capture thresholds and detect the presence of
anodal capture for determining both anodal and cathodal
capture thresholds for a given pacing vector 1 some
embodiments.

Electrodes 68 are also used for recerving cardiac electrical
signals. Cardiac electrical signals may be monitored for use
in diagnosing or monitoring a patient condition or may be
used for determining when a therapy 1s needed and in
controlling the timing and delivery of the therapy. When
used for sensing, electrodes 68 are coupled to sensing
module 60 via switch matrix 58. Sensing module 60 includes
sense amplifiers and may include other signal conditioning
circuitry and an analog-to-digital converter. Cardiac EGM
signals (either analog sensed event signals or digitized
signals or both) may then be used by processor 54 for
detecting physiological events, such as detecting and dis-
criminating cardiac arrhythmias, determining activation pat-
terns of the patient’s heart, measuring myocardial conduc-
tion time 1ntervals, and in performing anodal capture
analysis and pacing capture threshold measurements as will
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be further described herein. IMD 10 may additionally be
coupled to one or more physiological sensors 70. Physi-
ological sensors 70 may include pressure sensors, acceler-
ometers, flow sensors, blood chemistry sensors, activity
sensors, heart sound sensors, or other physiological sensors
for use with implantable devices. Exemplary heart sound
sensors for a subcutaneous device are shown, described and
positioned in the body 1n U.S. Pat. No. 7,682,316 to Ander-
son et al. The subcutaneous heart sound sensor could be
placed along with a second sensor on a lead behind the
lungs. Heart sound sensor implementation in ICD’s and/or
CRT devices 1s exemplarily described, shown and posi-
tioned 1n a patient’s body 1n U.S. Pat. No. 8,078,285 B2 to
Gamon et al. Other exemplary heart sound sensors are

shown, described and positioned in the body 1n U.S. Pat.
Nos. 8,876,727, 8,617,082 and 8,777,874, all of which are
incorporated by reference in their entirety.

Physiological sensors may be carried by leads extending
from IMD 10 or incorporated in or on the IMD housing.
Sensor interface 62 receives signals from sensors 70 and
provides sensor signals to sensing module 60. In other
embodiments, wireless sensors may be implanted remotely
from IMD 10 and communicate wirelessly with IMD 10.
IMD telemetry circuitry 64 may receive sensed signals
transmitted from wireless sensors. Sensor signals are used
by processor 54 for detecting physiological events or con-
ditions. In addition, processor circuitry 54 is configured to
determine whether a triggering condition 1s present. A
triggering condition can relate to switching from conven-
tional CRT (1.e. monoventricular pacing, biventricular pac-
ing) to multiple point pacing (1.e. delivery of a first pacing
pulse to the LV and a second pacing pulse to a diflerent
tissue location on the LV, all of which is performed during
a single cardiac cycle. Sensor input can be used to determine
which pacing configuration (i.e. biventricular pacing, fusion
pacing (e.g. left ventricular (LV)-only pacing, triventricular
pacing (1r1V) or dual LV pacing) and/or AV/VV timing are
most suitable for a patient. Heart sound sensor data can be
used to determine intensity of S1, V sense to S1 interval,
peak to peak amplitude or combination of the above. The
heart sound sensor can be located 1n or on the housing of the
IMD (also referred to as the (*Can”) impedance sensed for
contractility 1s between the electrodes within the system
such as intracardiac, from one of the electrodes back to the

Can. Exemplary configurations that may implement features
herein are shown 1n U.S. Pat. No. 9,026,208 to Morely, et al.,

U.S. Pat. No. 8,078,285 to Ganion et al., U.S. Pat. No.
6,247,474 Bl to Greenineger et al. and U.S. Pat. No.
8,617,082 B2 to Zhang et al, commonly assigned by the
assignee of the present disclosure, the disclosures of which
are mcorporated by reference 1n their entirety herein.

The operating system 1ncludes associated memory 56 for
storing a variety of programmed-in operating mode and
parameter values that are used by processor 34. The memory
56 may also be used for storing data compiled from sensed
signals and/or relating to device operating history for telem-
etry out upon receipt of a retrieval or interrogation instruc-
tion. The processor 54 1n cooperation with therapy delivery
module 50, sensing module 60 and memory 56 executes an
algorithm for measuring activation times for selecting pac-
ing sites for delivering multi-site pacing. Processor 34 1is
configured to select a first anode and a first cathode to form
a first pacing vector. Processor 54 then selects a second
anode and a second cathode to form a second pacing vector.
Additional anode and cathode pairs may also be selected by
processor 54.
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A capture analysis algorithm may be stored in memory 56
and executed by processor 54 and/or capture analysis mod-
ule 80 with mnput recerved from electrodes 68 for detecting
anodal capture and for measuring pacing capture thresholds.
Microprocessor 54 may respond to capture analysis data by
altering electrode selection for delivering a cardiac pacing
therapy. Data relating to capture analysis may be stored in
memory 56 for retrieval and review by a clinician and that
information may be used 1n programming a pacing therapy
in IMD 10.

IMD 10 further includes telemetry circuitry 64 and
antenna 65. Programming commands or data are transmitted
during uplink or downlink telemetry between IMD telemetry
circuitry 64 and external telemetry circuitry included in
programmer 90.

Programmer 90 may be a handheld device or a micro-
processor based home monitor or bedside programming
device used by a clinician, nurse, technician or other user.
IMD 10 and programmer 90 communicate via wireless
communication. Examples of communication techniques
may include low frequency or radiofrequency (RF) telem-
etry using Bluetooth or MICS but other techniques may also
be used.

A user, such as a physician, technician, or other clinician,
may interact with programmer 90 to communicate with IMD
10. For example, the user may interact with programmer 90
to retrieve physiological or diagnostic information from
IMD 10. Programmer 90 may receive data from IMD 10 for
use 1n electrode selection for CRT, particularly data regard-
ing cathodal and anodal capture thresholds and other mea-
surements used 1n electrode selection such as hemodynamic
measurements and LV activation times.

A user may also interact with programmer 90 to program
IMD 10, e.g., select values for operational parameters of the
IMD. For example, a user interacting with programmer 90
may select programmable parameters controlling a cardiac
rhythm management therapy delivered to the patient’s heart
8 via any of electrodes 68. Exemplary programmable pacing
parameters include atrioventricular delay (AV delay), left
ventricle to right ventricle delay (VV or V-V delay), pacing
amplitude, pacing rate, pulse duration, and pacing pathway
or vector (e.g., bipolar such as a lead tip electrode to a lead
ring electrode, etc. or unipolar such as a lead tip electrode to
IMD casing, or housing), which all may be configured to
ensure ellective therapy to the patient. AV delay which may
generally be described as a programmable value represent-
ing a time period between atrial electrical activity, whether
intrinsic (e.g., natural) or paced, and the delivery of ven-
tricular pacing. The optimal value of the AV delay has
generally been defined as a delay that produces the maxi-
mum stroke volume for a fixed heart rate or the maximum
cardiac output for a sinus node driven heart rate. Exemplary
A-V delay, shown 1n FIG. 5, 1s a nominal 150 or 160 ms.

Processor 34, or a processor included in programmer 90,
1s configured to compute battery expenditure estimates in
some embodiments. Using measured pacing capture thresh-
olds and lead impedance measurements, along with other
measured or estimated parameters, the predicted battery
longevity of the IMD 10 may be computed for different
pacing configurations. This information may be used in
selecting or recommending a multi-site pacing configura-
tion. As such, IMD 10 1s configured to perform lead imped-
ance measurements and determine other parameters required
for estimated energy expenditure calculations, which may
include but are not limited to a history of pacing frequency,
capture thresholds, lead impedances, and remaining battery

life.
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Further, the IMD 10 may be operable to use various
clectrode configurations to deliver pacing therapy, which
may be unipolar, bipolar, quadripoloar, or further multipolar.
For example, a multipolar lead may include several elec-
trodes that can be used for delivering pacing therapy. Hence,
a multipolar lead system may provide, or ofler, multiple
clectrical vectors to pace from. A pacing vector comprises a
cathode and an anode. The cathode may be at least one
clectrode located on a lead while the anode may be an
clectrode located on at least one lead (e.g., the same lead, or
a different lead) and/or on the casing, or can, of the IMD.
While improvement in cardiac function as a result of the
pacing therapy may primarily depend on the cathode, the
clectrical parameters like impedance, pacing threshold volt-
age, current drain, longevity, etc. may be more dependent on
the pacing vector. While not shown explicitly in FIG. 2, 1t 1s
contemplated that a user may interact with programmer 90
remotely via a communications network by sending and
receiving interrogation and programming commands via the
communications network. Programmer 90 may be coupled
to a communications network to enable a clinician using a
computer to access data received by programmer 90 from
IMD 10 and to transfer programming instructions to IMD 10
via programmer 90. Reference 1s made to commonly-as-
signed U.S. Pat. No. 6,599,250 (Webb et al.), U.S. Pat. No.
6,442,433 (Linberg et al.) U.S. Pat. No. 6,622,045 (Snell et
al.), U.S. Pat. No. 6,418,346 (Nelson et al.), and U.S. Pat.
No. 6,480,745 (Nelson et al.) for general descriptions and
examples of network communication systems for use with
implantable medical devices for remote patient monitoring
and device programming, hereby incorporated herein by
reference in their entirety.

Switch matrix 58, shown 1n greater detail 1n FIGS. 3A-3C,
provides increased configurations over the prior art. For
example, a greater number of pacing configurations are
attainable due to the ability to select whether an electrode
serves as a cathode (FIG. 3B) or an anode (FIG. 3C).
Additionally, or alternatively, the increased pacing configu-
rations can perform sequential pacing along the LV elec-
trodes 1n a single cardiac cycle by generating a sequence of
pacing commands from the timing and control circuitry 52
to the respective output capacitors C, ,,. Moreover, the
pacing path may be changed “pace to pace” or preloaded
depending on the hardware configuration. For example, an
clectrode could serve as a cathode during one pace and
switch to an anode on the next pace based upon 1nstructions
executed by the processor. An example of this switching
function would occur based on LV capture thresholds from
an anode/cathode combination in relation to the myocar-
dium. Stimulation from a cathode typically has low thresh-
old than anode stimulation. Determining the best electrode
based on minimal capture threshold requires switching elec-
trodes from anodes to cathodes. Also, 1n an LV sequence a
anode of the first pace could be configured as a cathode of
the second pace, 1f the first pace/rechange sequence was
completed.

In addition to providing increased pacing configuration
options, switch matrix 58 provides more eflicient and eflec-
tive passive recharging configurations. Passive recharging
(also referred to as repolarization) involves a recharging
current that travels in the opposite direction of the pacing
current. The passive recharging current serves to balance the
total charge at a coupling capacitor. A net charge of zero at
the coupling capacitor prevents corrosion from occurring at
the electrode.

Switch matrix 38 1s depicted as including a support or
satety pacing path 140, output capacitors (C, ;) 130a-d,
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trickle charge resistors (R, ;;) 112a, tip coupling capacitor
(Cp) 132a-f, pacing switches (S,,..) 106a-1, ground
switches (S,,,) 118a-118i, passive recharging switches
(S,cne) 124a-f, terminal to the integrated circuit connecting
to a capacitor (ICAP) 110a-f, electrodes 116a-116g, and sets
of pads HP 102a-d along the integrated circuit that are used
to connect to an external device. Output capacitors C, ,,
130a-c, C,,, 124a-f, ATIP 142a and RV TIP 1425 are exter-
nally located to switch matrix 58, as indicated by the dashed
lines 1n FIGS. 3A-3C. Support or safety pacing path 140 is
used for capture management. Lack of capture causes safety
pacing to be triggered to ensure that subsequent pacing
pulses result 1n capture. For example, safety pacing may
increase the amplitude of the pacing signal to ensure capture

of cardiac tissue occurs. Safety pacing switches include
S 1065, 1064, 1067, 106/, 106/ and 106/.

pace

The switch matrix 58 allows pacing pulses to be delivered
through one or more pacing vectors within the same cardiac
cycle. A pacing vector includes one or more cathodes (FIG.
3B) directly referenced to one or more anodes (FIG. 3C).
The selected path to the anode or cathode can be automati-
cally controlled by the processor accessing one or more data
registers (1.¢. data storage area 1n memory) or mputted by a
user through a user intertface on the programmer. The anode
and the cathode can be selected by enabling the respective
controls in the registers (not shown) to implement simulta-
neous or substantially simultaneous pacing.

As shown in FIG. 3B, cathodes include atrial terminal
capacitor (AICAP) 110a and C,,,, right ventricular terminal
capacitor (RVITCAP) 11056 and C, , left ventricular terminal
capacitor (LVITCAP) 110c¢, left ventricular ring 1 terminal
capacitor (LVRITCAP) 1104 and C_ . left ventricular ring

i
clectrode 2, terminal capacitor (LVRZPTCAP) 110e and C,, ,
left wventricular ring electrode 3 termunal capacitor

(LVR3TCAP) 110f and C,, . Anodes comprise a case (also
referred to as a housing or a can) or right ventricular coil
(case/RV coil) 1164, atrial ring (ARING) 1165H, left ven-
tricular tip electrode (LVTIP (shown as electrode 30 1n FIG.
1)) 1164, lett ventricular ring electrode 32 (LVRING1) 116e,
left ventricular ring electrode 2 (LVRING2 (shown as elec-
trode 34 1n FIG. 1)) 116/, and left ventricular ring electrode
3 (LVRING?3 (shown as electrode 36 in FIG. 1)) 116¢.

Each pacing vector includes a pacing path and a recharg-
ing or repolanization path. In order to better understand the
pacing and passive recharge paths, a portion of the switching
matrix 58 related to the pacing vector formed by the atrial tip
clectrode (1.e. cathode shown 1n FIG. 3B) and the atrial ring
clectrode (1.e. anode shown 1n FIG. 3C) 1s depicted 1n greater
detail 1n FIGS. 12A-12C. The pacing path and recharging
path shown, pace to pace (1.e. escape interval), in FIGS.
12A-12C exemplity the various pacing vectors shown in
FIGS. 3A-3C.

Referring to FIG. 12A, a circuit diagram 1s shown relative
to an exemplary escape mterval which 1s a pace-to-pace time
diagram. Before a digital pacing signal 1s sent to switching
matrix 38, the output capacitor C, ,, 1s connected to the
power source (e.g. battery) by closed battery positive ter-
minal switch (S5, ;<) so that output capacitor C, ,,can be
charged until the desired voltage (e.g. 8 volts or less, 7 volts
or less, 6 volts or less, 5 volts or less etc.) 1s attained 1n order
to deliver the next pacing pulse. After timing and control
circuitry 32 generates a digital pace signal that starts at time
equal to zero and extends for a certain amount of time (e.g.
about 1 ms), switches S, . and S_, ; are closed, as shown
in FIG. 12B. The output capacitor C, _, , 1s connected to the
tip coupling capacitor (C,;,) 132 via closed switch S, __. Tip
coupling capacitor C

tip: with 1ts positive and negative plates
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shown 1n FIGS. 12A-12C, 1s external to switching matrix 58
and 1s configured to prevent DC voltage from passing
through the heart. Once switches S, ... S, ... S, , are
closed, the pacing pulse current flows between the ring/case
clectrode (1.e. anode) and the tip electrode (1.e. cathode).

In the particular example shown 1n FIG. 12B, the pace
current travels, by convention, in the direction in which
positive charge would move, as denoted 1n FIG. 12B 1.e.
from the atrial ring electrode to the atrial tip electrode. The
actual tlow of electrons (e7) 1s 1n the opposite direction of the
pace current. Due to the current direction, the ring/case
clectrode 1s positively charged with respect to the paced tip
clectrode. Charge, and therefore voltage, 1s accumulated on
the tip coupling capacitor, C, . Accumulation of charge on
the coupling capacitor C,, 1s undesired to maintain charge
neutrality.

Referring to FIG. 12C, to remove the charge on tip
coupling capacitor C,,, a passive recharge signal 1s gener-
ated to balance the total charge to a net zero charge. Timing
and control circuitry 52 signals switching matrix 58 to
perform passive recharge. A set of switching sequences are
implemented for passive recharge or repolarization to occur.
For example, the S switch 1s opened which creates an
open circuit between C, _, , and the electrodes thereby stop-
ping the pacing operation. Thereafter, switches S_, ; or S,
are opened. This switching sequence keeps the ring or case
clectrodes connected to a circuit reference (1.e. VSS) until
after the output capacitor C, ,,voltage 1s disconnected from
the tip and ring electrodes via the S, switch being open.

Switch S, ;. closes which causes the tip capacitor C,,, (1.€.
cathode) used in the prior pacing operation to then be
connected to reference voltage VSS. After the tip capacitor
C,, 1s connected to negative supply voltage VSS, the desired
ring or case electrode 1s reconnected to supply voltage VSS
by closing switch S_, , shown in FIG. 12C. Once both
switches are closed, the recharge current path 1s completed
through the external load. Current flow for the recharge path
1s the opposite direction of the pace current. The flow of
clectrons ¢~ flows 1n the opposite direction of the recharge
current. In the present example, the recharge current tlows
from tip electrode to the ring/case electrode. Based on the
current direction, the “recharged” tip electrode 1s positive
with respect to the “recharged” electrode (e.g. ring/case
clectrode). The recharge time 1s typically about 6.8 ms or
about 7 ms; however, recharge time can be greater (e.g. up
to 20 ms) or lower (e.g. less than 7 ms). After the recharge
current 1s generated, the total net charge at the coupling
capacitor 1s now zero charge or about zero charge.

To ensure the net charge 1s zero or about zero volts at the
coupling capacitor, the recharge time period is either set or
adjustable. Automatically setting the recharge time period
can be implemented by the hardware or computer instruc-
tions. For example, each hardware time register associated
with each recharge time period for a coupling capacitor can
be set by the manufacturer, user or through a lookup table.

An adjustable recharge time can be established by using
a lookup table or a separate circuit established that associ-
ates the recharge time period with each pacing voltage for
the pacing current. The net charge can be determined to be
zero or about zero (e.g. 5-10 mullivolts) at the coupling
capacitor by measuring the voltage at the pacing electrode.
Once the net charge can be determined to be zero or about
zero (e.g. 5-10 muillivolts) at the pacing electrode, the
recharge current 1s automatically terminated using the circuit
in FIG. 16. FIG. 16 1s the same as FIG. 12A-C. The
descriptions of FIGS. 12A-C are incorporated by reference

herein except as to electronic components that are added to
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terminate the recharge pacing pulses once the pacing elec-
trode senses that the voltage at the tissue intertace is zero or
nearly zero volts (e.g. 5-10 millivolts). The added electronic
components include offset adjustment 71, comparator 73,
recharge control 75, switch S, . 77. As shown, the recharge
current begins at start time 61 when Srchg closes but the
recharge current terminates at end time 63. End time 63
occurs as a result of a control signal generated from recharge
control 75. Recharge control 75 could also be configured to
be within timing and control module 53. The control signal
terminating the recharge signal at end time 63 i1s generated
in response to detection of zero or about zero (e.g. 5-10
millivolts) by the pacing electrode that delivered the pacing
pulses to the pacing site. Detection of the lower voltage
value by the pacing electrode 1s determined via comparator
73. Once the control signal 1s generated, the Srchg opens,
which creates an open circuit thereby stopping the recharge
process.

The recharge time period for each coupling capacitor can
depend upon the characteristics of the pace current (e.g.
pacing pulsing width, pacing amplitude, and pacing imped-
ance). The recharge lookup table can use estimated times to
ensure the net charge 1s zero or about zero for each coupling
capacitor. An exemplary recharge lookup table can comprise
recharge time periods established for each tip capacitor.
Each recharge time period 1s associated with pacing pulse
width, pacing amplitude, and pacing impedance. By acquir-
ing one or all of the characteristics (e.g. pacing pulse width,
pacing amplitude, and pacing impedance etc.), the recharge
time period can be acquired from the lookup table and
automatically implemented. Implementing adjustable time
periods can conserve energy of the implantable medical
device.

Following the pace and recharge operations, the lead
system 1s held 1n a trickle charge operation in which trickle
resistors Rirkl 112 drain residual charge or polarization
artifacts that may remain on the electrode after delivery of
the pacing pulse. During a trickle charge operation, the
anode (e.g. ring electrodes, device case (IPG only)) are
connected to VSS wvia high impedance trickle resistors. In
addition, all of the tip capacitor cathodes are connected to
VSS via high impedance resistors 112 of the same value.

The detailed description of FIGS. 12A-12C relative for
the atrial tip to atrial ring electrodes can be applied the same
or similarly to the remaining exemplary pacing vectors,
formed by a cathode and an anode depicted in FIGS. 3A-3C,
relative to 1ts pacing and recharging paths. For example,
another exemplary pacing vector may comprise the RV tip
clectrode 1425 (1.e. cathode) and the RV ring electrode 116¢
(1.e. anode). Timing and control circuitry 52 signals switch-
ing matrix 38 to deliver a pacing pulse. The switch S, |
1225, associated with the RV tip electrode 14256 channel,
closes. Thereatter, the switch S, 106c and S, ; 118c¢ close.
When switch S_, ; 118¢ closes, the RV ring electrode 116¢ 1s
at the same or about the same voltage as Shp Vss. Output
capacitor C, ,, 1305 discharges energy to RV tip electrode
1425 that has a return path (not shown) to the RVRING 116¢
(1.e. anode).

To remove the charge on coupling capacitor C,, , a passive
recharge signal 1s generated to balance the total charge to a
net zero charge. Timing and control circuitry 52 signals
switching matrix 58 to perform passive recharge through a
set of switching sequences. For example, the S switch

pace

106¢ 1s opened which creates an open circuit between output
capacitor C, ;1305 and the RVTIP and RVRING electrodes
1425, 116¢ thereby stopping the pacing operation. Thereal-

ter, switches S_, ; 118¢c or §,;, ) 1225 are opened. This switch-
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ing sequence keeps the RV ring electrode 116¢ connected to
a circuit reference (1.e. VSS) until after the output capacitor
C, ,; voltage 1s disconnected from the RV tip and RV ring
electrodes 14256, 116¢ via the S, switch 106¢ being
opened.

Switch S, ;. 1245 closes which causes the tip capacitor
C,, 1325 used in the prior pacing operation to then be
connected to reference voltage VSS. After the tip capacitor
C,, 1325 1s connected to negative supply voltage VSS, the
RV ring electrode 116¢ 1s reconnected to supply voltage VSS
via switch S_ ; 118¢. Once both switches S, ;. 12456 S_ ;
118¢ are closed, the recharge current path 1s completed
through the external load. Current flow for the recharge path
1s the opposite direction of the pace current. The total net
charge at the coupling capacitor 1s now zero charge.

Numerous pacing vectors can be formed using left ven-
tricular electrodes 30, 32, 34, 36. One or more of the left
ventricular electrodes 30, 32, 34, 36 can be configured to
serve as a cathode or an anode. Typically, the leit ventricular
clectrodes 30, 32, 34, 36 are selected as cathodes to pace the
LV while the housing (1.e. referred to as a can or case) or the
defibrillation electrode 24 serve as the anode. In one or more
embodiments, the remaining LV electrodes are deactivated
by keeping the S_, ;, switch open that 1s associated with the
LV electrode. Keeping the S_, ; switch, associated with an
electrode, open prevents current passing through the circuit
for that electrode. In one or more other embodiments, one or
more of the remaining electrodes can serve as anode. Addi-
tionally, or alternatively, any electrode path can be used for
sensing.

Preferably, the electrodes 32 and 34 (FIG. 1) are selected
to pace; however, any pair combination of the LV electrodes
can be used to pace the left ventricle. n one or more
embodiments, electrodes 32 and 34 are spaced 1.5 millime-
ters (mm) apart while 30 and 36 are 20 to 21 mm spaced
apart, as shown 1n U.S. patent application Ser. No. 13/464,
181 filed on May 4, 2012 by Ghosh et al., commonly
assigned by the assignee of the present disclosure, the
disclosure of which 1s incorporated by reference in 1ts
entirety herein.

Generally, an electrode 1s selected to serve as a cathode to
pace tissue by employing the switching sequence described

relative to FIG. 12A-12B to close switches S, V 122, S

pace

106, S_,,; 118. For an electrode to serve as an anode, S, ,
must be closed and S, 1s opened. To balance the charge at
C,,, atter pacing the tissue, a recharging current 1s delivered
by opening S, . switch and closing switches S, , Szz; 1
120, Sg,.. 124 S_,, 118 using the switching sequence
described relative to FIG. 12C for that particular electrode.

Exemplary paths for a LV electrode to function as a
cathode or an anode 1s now described. Referring to FIG. 3 A,
LVTIP 116d can be configured to serve as a cathode by
closing switch S, V  122¢, which is associated with the LV
tip electrode channel. Thereafter, the switch S, ,_, 106e to
LVHM 104c and S, ; 118/ close channel(s) associated to one
or more of LVRING 116e/case/RV coil 116a. Switch S_ ;
118/ and S_,; 118 associated with the channel for the
selected anode (e.g. one or more of LVRING/case/RV coil),
closes. Switch S_, , 118/ and S_, ;, 118 close at the same or
about the same voltage potential as Shp V_.. C, ., 130c
discharges energy to LVICAP 110¢, C,,, 132¢, LVTIP 1164
that has a return path (not shown) to the LVRING (.e.
LVRINGI1-3 116e-g as an anode), case or RV coil (i.e.

anode).
To remove the charge on coupling capacitor C,, ,, a passive
recharge signal 1s generated to balance the total charge to a

net zero charge. Timing and control circuitry 52 signals




US 11,850,431 B2

15

switching matrix 38 to perform passive recharge. The S, ,
switch 106e 1s opened which creates an open circuit between
C, ,; 130c and the electrodes thereby stopping the pacing
operation. Thereafter, switches S_, ;, 118/ or S,  122¢ are
opened. This switching sequence keeps the selected anode
(e.g. one or more of LVRING/case/RV coil) connected to a
circuit reference (1.e. VSS) until after the output capacitor
C, ,,130c¢ voltage 1s disconnected from the LVTIP 1164 and
one or more electrodes serving as anodes viathe S switch
106¢ being open. The one or more anodes may be the case,
defibrillation coil, or one of the LV electrodes. The one or
more electrodes are selected to serve as an anode by ensur-
ing that the S, . and S_ , 118 associated with that
clectrode 1s closed during a pacing operation.

After the pacing operation 1s terminated (1.e. S, _,
1s opened), switch S, , 124¢ closes which causes the tip
capacitor C,;, 132¢ used 1n the prior pacing operation to then
be connected to reference voltage VSS. After the tip capaci-
tor C,,, 132¢ 1s connected to negative supply voltage VSS,
the desired electrode, serving as the anode, 1s reconnected to
supply voltage VSS via switch S_ ; 118 that 1s associated
with the channel directly aligned with that particular elec-
trode. For example, 11 LVRINGI1 116¢ 1s to serve as the
anode, S_, ; 118g 1s closed. LVRING electrodes not serving
as anode have an open S, , switch. Alternatively, if
LVRING2 116/ 1s to serve as the anode, S_, , 1187 1s closed.
Alternatively, 1f LVRING3 116g 1s to serve as the anode,
S,z 1181 18 closed.

Once switches S, ;. 124¢ and S_,, ; are closed, the recharge
current path 1s completed through the external load. Current
flow for the recharge path i1s the opposite direction of the
pace current. The total net charge at the coupling capacitor
1S noOw Zero charge.

For LVRINGT1 to serve as a cathode, switch Shp V__122c¢,

associated with the LV ringl electrode channel, closes.
Thereatter, the switch S 106g and S__ , 118a close to the

ace rcd
case/RV coil. When SWii}Ch S g 118g clgosesj the case or RV
coll or another LV electrode, serves as the anode, which 1s
at the same or about the same voltage potential as S, ) V..
Cj012 130c discharges energy to LVRITCAP 1104 and C,,
that has a return path (not shown) to the anode (e.g. case, RV
coil etc.)

For LVRING?2 to serve as a cathode, switch Shp V__122c,
associlated with the LVRING?2 electrode channel, closes.
Thereatter, the switch S, 106i and S_, ; 118a close to the
case/RV coil. C, _,, 130¢ discharges energy to LVR2TCAP
110e (1.e. cathode) that has a return path (not shown) to the
case or RV coil (1.e. anode).

For LVRINGS3 to serve as a cathode, switch Shp V__122c,
associated with the LVRING3 electrode channel, closes.
Thereatter, the switch S, ., 106k 104c¢ and S_, ; 1184 close
to the case/RV coil. When switch S_, ; 118a closes, the case
or RV coil, serves as the anode, which 1s at the same or about
the same voltage potential as Shp V__. C, , . 130c discharges
energy to LVR3TCAP 110/ (1.e. cathode) that has a return
path (not shown) to the case or RV coil (i.e. anode).

While switching matrix 58 has been described for a
bipolar pace configuration, a unipolar pace can also be used
such as a tip (1.e. cathode) to case (1.e. anode). Exemplary
values for each electronic component 1n switching circuit 38
includes C,,,, at 10 microFarads while C, ) 1s nominally 6.8
microFarads. Trickle resistor 112 values are register-select-
able between 5 megaohm (M£2) and 500 kiloohm (k€2)
values. FET switches are employed with on resistance to
switch (RON) at about 20 ohms. FIG. 4 1s a flow diagram
depicting a method 200 for controlling a multi-site pacing

therapy being delivered from a multi-polar electrode such as

switch
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an 1mplantable LV lead extending from an implantable
medical device. At block 202, a first cathode and a first
anode are selected to form a first pacing vector. The first
pacing vector 1s located at a selected first pacing site within
a given heart chamber, which may be an LV pacing site. For
the sake of illustration, the methods for selecting multiple
pacing sites are presented in the context of selecting multiple
pacing sites along the LV for CRT therapy. However, the
methods described may be altered or adapted as appropriate
for selecting pacing sites 1n or on a different cardiac tissue,
heart chamber or tissue and/or for use 1n a different pacing
therapy.

The selection of the first pacing site at block 202 may be
based on a variety of measurements or be a nominal pacing
site. For example, the first pacing site may be selected as the
clectrode site corresponding to a late activation time of the
LV without LV pacing. A LV activation time 1s the time
interval measured from a reference time point to a sensed
R-wave at the pace/sense electrode site. The reference time
point may be an atrial sensed or paced event, an R-wave
sensed 1n the RV or a fiducial point. The fiducial may be the
onset of QRS (e.g. a QRS complex sensed in the RV) the
peak of QRS (e.g. mimnimum values, minimum slopes, maxi-
mum slopes), zero crossings, threshold crossings, etc. of a
near or far-field EGM), onset of application of a pacing
electrical stimulus, or the like.

A late activation 1s an activation that occurs relatively
later than activation (myocardial depolarization) at other
possible LV pace/sense electrode locations. A late activation
1s not necessarily the latest LV activation that can be
measured 1 the LV since prolonged activation may be
associated with pathological or diseased tissue such as
myocardial scar tissue, which would be undesirable as a
pacing site. With respect to CRT, the greatest therapeutic
benellt may be achieved when the LV 1s paced at or near a
location associated with late intrinsic activation time of the
ventricle. To determine an electrode site corresponding to
late activation, LV activation times are measured at each of
the available LV electrodes relative to a reference time point,
such as a sensed R-wave in the RV when no ventricular
pacing 1s delivered. In one embodiment, the LV activation
times are measured by sensing for an LV depolarization
wavelront (R-wave) at each of the LV electrodes 30, 32, 34
and 36 used as sensing electrodes. LV activation times may
be measured during an intrinsic rhythm or during atrial
pacing. Typically pacing in the RV will be withheld to obtain
the LV activation time measurements during intrinsic ven-
tricular conduction.

The first pacing site may be selected using other mea-
surements or techniques, which may or may not be com-
bined with measuring LV activation times. For example,
hemodynamic measurements may be performed to deter-
mine which pacing site results 1n the greatest hemodynamic
benefit. Hemodynamic measurements may be obtained from
other physiological sensors 70 coupled to IMD 10 or using
clinical techniques such as Doppler echocardiography, fluo-
roscopy, or LV catheterization. Exemplary methods to select
the most optimal electrodes from which to pace can be
determined from, for example, U.S. patent application Ser.
No. 13/301,084 filed on Nov. 21, 2011 by Demmer et al., and
U.S. patent application Ser. No. 13/464,181 filed on May 4,
2012 by Ghosh et al., commonly assigned by the assignee of
the present disclosure, the disclosure of which 1s 1ncorpo-
rated by reference 1n their entirety herein.

At block 204, a second cathode and a second anode are
selected to form a second pacing vector. Selection of the
second cathode and the second anode to serve as the second
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pacing vector uses one or more of the methods presented 1n
block 202. At block 206, first pacing pulses are delivered to
the first pacing vector positioned at a first pacing site along
a heart chamber. At block 208, second pacing pulses are
delivered to the second pacing vector positioned at a second
pacing site along a heart chamber. The second pacing pulse
1s different than the first pacing pulse. For example, the first
and second pacing pulse can have different energy charac-
teristics (e.g. voltage, amplitudes, etc.)

The first and second pacing pulses are delivered during
the same cardiac cycle. Specifically, first and second pacing,
pulses are delivered at the same or substantially same time
through two or more different electrodes located at different
tissue sites. For example, a first pacing pulse having a
pre-specified voltage (also referred to as a first voltage) 1s
delivered to a first tissue site followed by a very small or
staggered period of time (1.e. 2.5 ms etc.) that starts imme-
diately after generating the first pacing pulse. After the
staggered time period ends or expires (e.g. 2.5 ms measured
from the generation of the first pacing pulse), a second
pacing pulse 1s generated at a pre-specified voltage (also
referred to as a second voltage) and delivered to another
tissue site. The staggered time period between the generation
of the first and second pacing pulses allows polarization
artifacts to be removed from the sensing electrode. Polar-
1zation artifacts, generated from the delivery of the pacing
pulse, must be cleared or substantially cleared from the
clectrode before delivery of another pacing pulse; otherwise,
the evoked response can be diflicult to detect. The staggered
time period placed between the pacing pulses emanating
from the first and second electrodes ensures that there 1s a
single output associated with each pacing pulse thereby
preventing one pacing pulse (e.g. 3 volts) from overlapping
with another pacing pulse (e.g. 5 volts). The first and second
pacing pulses possess diflerent energy characteristics which
allows the pacing to be customized to each patient’s needs
while seeking to reduce power consumption by using, for
example, 3 volts mstead of 5 volts.

One or more embodiments relate to recharging the cou-
pling capacitor associated with the switching matrix 58. The
timing and control circuitry 52 signals the switching matrix
58 to generate a pacing pulse via an output capacitor, as
described relative to FIGS. 12A-12B. The signal causes a set
of switches to discharge the output capacitor, which trans-
mits the energy (e.g. pacing pulse) to the electrode. After the
pacing pulse terminates, a recharging current 1s generated to
obtain zero or about zero net charge at the coupling capaci-
tor, as previously described relative to FIG. 12C, and incor-
porated herein.

Programmable pacing parameters, shown 1n a graphical
user intertace (GUI) 300 of FIG. 5, can aflect recharging
times of coupling capacitors. Programmable pacing param-
cters control device function and/or data collection. Pro-
grammable pacing options used by IMD 10 to deliver
therapy include, for example, ventricular pacing, interven-
tricular (V-V) pace delay, or multiple point LV delay. The
left-hand column of the programmable pacing options of
GUI 300, designated as “initial value,” are typically pre-set
at a desirable goal while the night hand side column,
designated as “optimized permanent,” 1s set by the user to
reflect actual information related to the patient.

Ventricular pacing parameter determines whether a ven-
tricle(s) 1s paced and 1n which order each ventricle 1s paced.
The ventricular pacing parameter allows for selection of
pacing of the RV followed by pacing the LV (1.e. RV—=LV),
pacing of the LV {followed by pacing of the RV (ie.
LV—RV), LV only pacing, or RV only pacing. The ven-

10

15

20

25

30

35

40

45

50

55

60

65

18

tricular pacing parameter 1s selected based upon the cardiac
condition of the patient to achieve maximum cardiac output.

The V-V pace delay controls the timing interval between
the RV and LV1 paces when RV+LV order 1s selected and
between LV1 and RV paces when LV+RV order 1s selected.
V-V pace delay parameter can be set at any time such as up
to 100 ms aiter the first pacing pulse (e.g. 1:0 (=2.5), O ms,
10 ms, . . . 80 ms etc.). Multiple point LV delay 1s defined
as the delay that exists between the first and second LV
pacing pulses that are delivered to the first and second LV
pacing sites, respectively.

Ventricular pacing can be implemented, for example, by
pacing of the RV followed by pacing the LV (1.e. RV—=LV).
Once the ventricular pacing parameter has been selected, the
V-V pace delay 1s pre-specified to a certain value (e.g.
greater than or equal to 10 ms etc.). Multiple point LV delay,
linked to V-V pace delay through a lookup table, using the
values set forth 1n Table 1, requires the multiple point LV
delay to be greater than or equal to 10 ms. After ventricular
pacing and the V-V delay are designated, the sequence of
recharging coupling capacitors, exemplarily shown in FIGS.
3A-3C, 1s automatically set in a specified order, as summa-
rized 1n Table 1. For example, assume that ventricular pacing
1s set to pacing the RV followed by pacing the LV (i.e.
RV—LV), and V-V pace delay 1s set at 10 ms, the multiple
LV delay 1s set to being greater than or equal to 10 ms, then
the first coupling capacitor, associated with delivering the
clectrical stimuli for the first LV pace, 1s immediately
recharged after the first LV pace. The second coupling
capacitor 1s 1mmediately recharged after delivery of the
clectrical stimuli for the second LV pace. The capacitor
associated with delivering the RV pace 1s immediately
recharged after delivery of the RV pace.

In another embodiment related to ventricular pacing of the
RV followed by pacing the LV (1.e. RV—=LV), and V-V pace
delay 1s set at about 2.5 ms, the multiple LV delay 1s set to
being greater than or equal to about 20 ms. The first
capacitor and the RV capacitor are recharged after delivery
of the first LV pace. The second capacitor 1s recharged after
delivery of the second LV pace.

In yet another embodiment related to ventricular pacing of
the LV followed by pacing the RV (1.e. LV—=RV), the V-V
pace delay 1s set at greater than or equal to about 20 ms, the
multiple LV delay 1s set to being greater than or equal to
about 10 ms. The first capacitor 1s recharged after delivery
of the first LV pace. The second capacitor 1s recharged after
delivery of the second LV pace. The RV capacitor is
recharged after delivery of the RV pace.

In still yet another embodiment related to ventricular
pacing of the LV followed by pacing the RV (1.e. LV—=RV),
and V-V pace delay i1s set at about 20 ms, the multiple LV
delay 1s set to about 2.5 ms. The first capacitor 1s recharged
after delivery of the second LV pace. The second capacitor
1s recharged after delivery of the second LV pace. The RV
capacitor 1s recharged after delivery of the RV pace.

In yet another embodiment related to ventricular pacing of
the LV followed by pacing the RV (1.e. LV—=RV), and V-V
pace delay 1s set at 2.5 ms, the multiple LV delay 1s set to 2.5
ms. The first capacitor i1s recharged after delivery of the
second RV pace. The second capacitor 1s recharged after
delivery of the first LV pace. The RV capacitor 1s recharged
alter delivery of the RV pace.

First LV pace recharge refers to the capacitor, associated
with the first LV electrode, recharging after a first pace or
first pacing pulse (1.e. energy discharge) 1s delivered to
cardiac tissue (e.g. ventricle) which typically takes about 20
milliseconds (ms). Second LV pace recharge refers to the
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capacitor recharging after a second pace or second pacing
pulse. RV pace recharge refers to the capacitor recharging
alter a pacing pulse to the RV.

Optionally, restrictions can be applied during CRT
therapy to one or more embodiments. Multisite LV pace
polarity and LV first pace polarity cannot both use the RV
coil unless recharge 1s completed because the potential for
additional polarization 1s eliminated on the possible sensing

path. If LV—=RYV 1s selected with V-V delay set to O (1.e. a

staggered time period of about 2.5 ms) and multiple point
LV pacing 1s switched ON, multiple point LV delay is not
selectable, which will result in LV-2.5 ms-LV-2.5 ms-RV.

In one or more other embodiments, 1f LV—=RYV 1s selected,
the V-V delay of 10 ms 1s not allowed. In one or more other
embodiments, 1f RV—=LYV 1s selected, multisite LV delay of
0 or 10 ms 1s also not allowed. In contrast, if LV—RV 1s
selected and multisite LV pacing 1s ON, multiple point LV
delay 1s required to be less than V-V delay. In one or more
embodiments, if CRT 1s adaptive, ventricular pacing and
V-V pace delay cannot be selected or programmed.

Table 1, presented below, summarizes the programmable
options that may be used by IMD 10.

Table 1 presents device CRT parameters along with exem-
plary values that can be programmed into implantable
medical device.

Ventric- Multiple Second
IMD ular V-V point First LV LV
Pa- pacing pace LV pace pace RV pace
rameter Mode delay delay  recharge  recharge recharge
RV—=LV =z10ms =10 ms After After  After RV
first LV second pace
pace LV pace
2.5 ms =20 ms After After  After first
first LV second LV pace
pace LV pace recharge
LV—=RV =20ms =10 ms After After  After RV
first LV second pace
pace LV pace
=20 ms 2.5 ms After After  After RV
second second pace
LV pace LV pace
recharge
2.5 ms 2.5 ms After RV After first After RV
pace LV pace pace
recharge  recharge

In addition to Table 1, timing diagrams, presented in
FIGS. 6-11, provide usetul examples as to varied recharging
times of coupling capacitors after delivery of pacing pulses
to cardiac tissue. Each timing diagram such as timing
diagram 400 shown 1n FIG. 6 includes six horizontal lines
402-412. The top three horizontal lines 402, 404, 406 show
timing of different pacing pulses while the bottom three
horizontal lines 408, 410, 412 show the recharging times for
cach coupling capacitor associated with a channel to a
particular electrode (e.g. RV electrode, LV1 electrode, LV?2
clectrode etc.). Recharging time for each coupling capacitor
1s aflected by one or more pacing pulses. Vertical lines 414,
416 intersecting a pacing pulse horizontal line indicates
cither the start time 414 or ending time 416 of the pacing
pulse. The time between the start and end of the pacing pulse
1s the duration of the pacing pulse. Similarly, the vertical
lines 418, 420, along one of the bottom recharging horizon-
tal lines indicates either the start time 418 or ending time 420
of the recharging operation. The duration of the recharging
operation occurs between the start and end times for recharg-
ing. The timing diagram 1s interpreted by reviewing the
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pacing pulse line and then the related recharging line. Any
pacing pulse that interrupts a recharging time 1s then exam-
ined.

Generally, recharging of the coupling capacitor follows a
set of recharging requirements. For example, alter a pacing
pulse 1s delivered, the recharging operation continues unless
the recharging operation gets interrupted by another pacing
pulse. The last pace gets top priority for completing its
associated recharging operation unless that particular
recharging operation 1s interrupted by another pace. Addi-
tionally, the last pace 1s the first to finish its recharging
operation because no other pacing pulse will interrupt the
recharging operation associated with the last pace during the
pacing interval.

The set of recharging requirements applies to a group of
paces such as the RV pace, the first LV pace, and the second
LV pace shown i FIGS. 6-11. The corresponding time
between groups 1s considered to be the overall pacing
interval. For example, 1f the pacing interval 1s 1000 msec (60
beats/minute), the time between one RV pace and the next
RV pace (not shown) 1s 1000 msec, while the time between
the RV pace and the first and second LV paces involves
shorter time intervals. Exemplary shorter time intervals
between first and second LV paces are shown 1n the timing
diagrams.

FIG. 6 depicts a timing diagram 400 that begins with a RV
pacing pulse being sent to the RV electrode. The RV pace
begins at the first vertical line extending from the horizontal
line and terminates at the next vertical line from the same
horizontal line. The delay between the first and second pace
(PV2V) and the delay between the second and third pace
(PV2V2) are also shown 1n FIG. 6. In particular, PV2V is the
time between the start of the first pace and the start of the
second pace while PV2V2 1s the time between the start of
the second pace and the start of the third pace. The coupling
capacitor, associated with the same channel as the RV
clectrode, undergoes a set of recharging operations. For
example, the coupling capacitor immediately recharges after
the RV pacing pulse terminates. The RV coupling capacitor
recharging operation 1s mterrupted by a pacing pulse at the
LV1 electrode. The coupling capacitor, associated with the
same channel as the LV1 electrode, undergoes a recharging
operation immediately after the LV1 pacing pulse 1s com-
pleted and continues until the recharging operation 1s inter-
rupted by the LV2 pacing pulse. The coupling capacitor,
assoclated with the same channel as the V2 electrode,
undergoes a recharging process immediately after the LV?2
pacing pulse 1s completed and continues until completion of
the recharging operation. The coupling capacitor associated
with the RV1 electrode then completes 1ts recharging opera-
tion through a second recharge operation. Thereafter, the
coupling capacitor associated with the LV1 completes 1ts
recharging operation.

FIG. 7 depicts yet another timing diagram that begins with
a LV1 pacing pulse being delivered to the LV1 electrode.
The coupling capacitor associated with the LV1 electrode
undergoes a recharge operation immediately after the LV 1]
pacing pulse terminates. The LV1 recharging operation
continues but 1s mterrupted by the LV2 pacing pulse. The
coupling capacitor, associated with LV2, begins the recharg-
ing operation and continues until the RV pacing pulse
interrupts the recharging operation. The coupling capacitor,
associated with the RV electrode, begins the recharging
operation immediately after the RV pacing pulse 1s com-
pleted. The coupling capacitor associated with the RV
clectrode completes 1ts recharging operation followed by the
coupling capacitor associated with the LV1 electrode com-
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pleting its recharging operation. After the LV1 recharging
operation 1s completed, the LV2 recharging operation 1is
completed.

FIG. 8 depicts yet another timing diagram that begins with
a RV pacing pulse being delivered to the RV electrode. The
coupling capacitor, associated with the RV electrode, begins
its recharge operation immediately after the RV pacing pulse
terminates. The recharging operation continues but is inter-
rupted by the LV1 pacing pulse. The coupling capacitor
associated with the LV1 starts 1ts recharge operation after the
pacing pulse terminates and continues to completion. The
pacing pulse for LV2 1s then delivered. The coupling capaci-
tor, associated with the LV2 pace, begins and completes its
recharging operation uninterrupted.

FIG. 9 depicts a timing diagram that begins with a RV
pacing pulse being delivered to the RV electrode. The
coupling capacitor associated with the RV electrode under-
goes a recharge operation immediately after the RV pacing
pulse terminates. The RV recharging operation 1s completed
uninterrupted. The LV1 pacing pulse 1s delivered. The
coupling capacitor, associated with the LV1 electrode,
begins 1ts recharging operation immediately after the LV1]
pacing pulse 1s completed. The recharging operation for the
coupling capacitor associated with LV1 continues until the
recharging operation 1s interrupted by the LV2 pacing pulse.
The recharging operation of the coupling capacitor associ-
ated with the LV 2 pacing pulse begins immediately atfter the
LV2 pacing pulse 1s completed. The LV2 coupling capacitor
recharging operation 1s then completed. Thereatter, the LV 1
recharging operation 1s completed.

FIG. 10 depicts a timing diagram 1n which the recharging
operations continue without iterruption by another pacing
pulse. The RV pacing pulse 1s delivered to the RV electrode.
The coupling capacitor, associated with the RV electrode,
undergoes a recharge operation immediately after the RV
pacing pulse terminates. The RV recharging operation con-
tinues until completion. The LV pace 1s then delivered
tollowed by the recharging operation of the coupling capaci-
tor associated with the LV. The recharging operation 1s
completed before the LV2 pace 1s delivered to the LV2
clectrode. After the LV2 pace 1s delivered, the LV2 recharg-
ing operation 1s begun and eventually 1s completed without
interruption.

FIG. 11 1s yet another exemplary timing diagram. A
pacing pulse 1s first delivered to the LV1 electrode. The
coupling capacitor associated with the LV1 electrode imme-
diately begins recharging until the recharge operation 1is
interrupted by a pacing pulse associated with the LV2
clectrode. The coupling capacitor associated with the LV2
clectrode immediately begins recharging after termination of
the pacing pulse. The recharge operation for the LV2 cou-
pling capacitor continues unimpeded. The coupling capaci-
tor, associated with the LV1 electrode, again attempts to
recharge but 1s interrupted by the pacing pulse delivered to
the RV electrode. The coupling capacitor associated with the
RV electrode completes its recharge operation. Thereafter,
the coupling capacitor associated with the LV1 electrode
finishes 1ts recharge operation.

Method 500, depicted 1n FIG. 13, verifies effective cap-
ture of individual electrodes (e.g. cathodes) during multi-site
pacing therapy. As previously explained, multisite pacing
involves pacing therapy delivered by stimulation of cardiac
tissue from more than one electrode located in the same
chamber (e.g. left ventricle) of the heart within the same
cardiac cycle, often 1n close spatial proximity e.g. two
clectrodes of the mult1 (quadri)-polar lead within a tributary
of the coronary sinus in the left ventricle. Multi-site or
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multipoint pacing may be delivered by simultaneous or
sequential stimulation of two or more electrodes located 1n
the same chamber (e.g. LV). Stmultaneous pacing 1s defined
as pacing from two or more electrodes where the timing
delay between electrodes 1s less than 5 ms. Since the
clectrodes 1n multi-site or multi-point stimulation are 1n
close proximity to each other, it 1s important to detect and
verily eflective capture of individual electrodes during
delivery of such therapy. While conventional left ventricular
capture management routines determine capture thresholds
for each electrode individually during stimulation from each
LV electrode, conventional capture management can not
verily capture during multi-site or multipoint pacing therapy
from more than one LV electrodes. Detection of capture 1s
especially important during sequential multipoint stimula-
tion since too long of inter-electrode timing delay may cause
a refractory condition (e.g. cardiac tissue will not respond to
clectrical excitation) near the second electrode that recerves
the second pacing pulse. For purposes of clarity, similar
reference numbers (e.g. 504a,b 5064a,b) are used 1n FIG. 13
to 1dentily similar elements.

Method 500 begins at block 502 1n which therapy 502 1s
delivered to the tissue via pacing pulses to the first and
second pacing vectors. For example, the first pacing pulse 1s
delivered to a first pacing site at block 504a. The second
pacing pulse 1s delivered to the second pacing site at block
504b. It should be understood that while block 5046 refers
to a second pace, block 5045 contemplates that paces can be
delivered to Nth pacing electrode, where N can be any
number between 2-10, in order to evaluate eflective capture
individually from differently placed electrodes during multi-
clectrode pacing. At block 506qa, an electrical signal (e.g.,
morphological wavetorm(s) within electrograms (EGM))
corresponding to the first LV electrode 1s windowed {for
evaluation of eflective capture from that same electrode. As
used herein, a morphological waveform corresponds to the
evoked response to a pacing stimulus measured by the
time-variation of electrical potential between the stimulating,
cathode (e.g. LVx where X relates to any one of the LV
clectrodes 30,32, 34, 36 FIG. 1) and an second electrode,
which may be an indifferent electrode (e.g. RV Coil).
Features of the morphological waveform are analyzed
within a predetermined, or selected, time period, or timing
window, (e.g., 150 ms, 165 ms, 175 ms, 185 ms, 200 ms)
alter the delivery of pacing stimulus. For example, the
LVx-RV coil EGM represents the umipolar electrogram for
cach LV cathode employed in stimulation. Block 35065
involves windowing an electrical signal (e.g., morphological
wavelorm(s) within an EGM) for the delivery of the second
pace to the second pacing vector near or in the second pacing
site.

At block 508, eflfective capture criteria 1s applied to each
clectrode (e.g. cathode) that delivers energy to tissue. For
example, effective capture criternia for each electrode (e.g.
LVX electrode) 1s based on gross morphological features of
umpolar LVX-RV coil EGM. Exemplary eflective capture
criteria or elffective capture test (ECT), an example of which
may be seen with respect to U.S. Pat. No. 8,750,998 1ssued
Jun. 10, 2014, and assigned to the assignee of the present
invention, the disclosure of which 1s incorporated by refer-
ence 1n 1ts entirety herein. Verification of capture 1s calcu-
lated at each LV cathode individually using features of
unmipolar electrogram vector e.g. LV cathode-RV coil or LV
cathode-can. The method to determine eflective capture
employs gross features of the electrogram such as maximum
amplitude (Max), minimum amplitude (Min), timing of the
maximum (Imax) and mimimum (Tmin) amplitudes, base-
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line amplitude (BL) within a time-window of a pre-specified
window (e.g. 165 ms) starting from the time of delivery of
the first LV pace and uses criteria, presented below, to verily
ellective tissue capture.

FIG. 14 depicts the flow diagram for determining efiective

capture at a single electrode. Both the first and second
clectrodes are evaluated using criteria set forth 1n method
600. To determine whether a pacing stimulus effectively
captures a ventricle, sensed data 1s evaluated according to
one or more of the mathematical relationships embodied at
blocks 606, 608, 610, 616, 618, and 620. At block 606, a
determination 1s made as to whether a first condition relative
to eflective capture 1s met. The first condition, presented
below, subtracts Tmin from Tmax and then determines
whether the result 1s greater than a predetermined threshold
(T) such as 30 ms. The equation for the first condition 1s as
follows:

ITmax — Tmin > Threshold(e.g. 20-35 ms)

If Tmax-Tmin 1s not greater than 30 ms, then the NO path
continues to block 614 in which the pacing stimulus 1is
declared to ineffectively capture a ventricle. In contrast, 1f
Tmax-Tmin>30 ms, the YES path continues to block 608.
At block 608, a determination 1s made as to whether a
second condition 1s met. The equation for the second con-
dition 1s as follows:

LL < |Max — BL|/|BL — Min| < UL

The lower limit (LL) and upper limit (UL) are associated
with upper and lower ratio limits, respectively, of a mor-
phological feature. Exemplary LL can be 0.2 with a range of
0.1 to 0.33 and exemplary UL can be 5.0 with a range o1 3.0
to 10.0. Pretferably, LL 1s set at 0.125 and the UL 1s set at 8.0.

The maximum value (Max) and the minimum value (Min)
are associated with a particular EGM morphological feature
such as amplitude. The ratio, IMax-BLI|/IBL-Minl, includes
the absolute value of Max-BL which 1s divided by the
absolute value of BL-Min. If the second condition at block
608 1s not satisfied, then the NO path continues to block 618
in which a determination is made as to whether (IMax-BLI/
[Min-BL)<LL. If (IMax-BLI/IMin-BLI)<LL 1s not met, then
the NO path continues to block 614 and the ventricular pace
stimuli 1s declared not to evoke eflective capture of the
ventricle. In contrast, the YES path from block 618 contin-
ues to block 620 1n which a determination 1s made as to
whether BL<IMin/8I. If BL 1s not less than IMin/8I, the NO
path from block 620 continues to block 614 1n which the
clectrical stimuli 1s declared to ineffectively capture the
ventricle. If BL 1s less than |IMin/8l, then the YES path
continues to optional block 610.

The YES path from block 608 also continues to block 610
which determines whether Tmin 1s less than a preselected
value such as 60 ms. The preselected value can be any value
between 40 ms-80 ms. If Tmin 1s not less than 60 ms, then
the NO path continues to optional block 616 in which
another determination 1s made as to whether Max-Min 1s
greater than a threshold such as any value from 0.5-4.0 mV.
If Max-Min i1s greater than 3.5 mV, eflective capture exists
and the YES path continues to block 612 in which the
ventricular stimulus 1s declared to capture the ventricle. The
NO path from block 616 continues to block 614 1n which a
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determination 1s made that ventricular stimulus 1s deter-
mined not to eflectively capture a ventricle.

Returning to block 610, if Tmin 1s less than 60 ms, then
the YES path continues to block 612 1n which effective
capture 1s declared. Every time effective capture 1s declared
at block 612, an eflective capture counter 1s incremented by
1. The eflective capture counter 1s maintained and updated
continuously during eflective capture monitoring. Effective
capture monitoring determines whether pacing stimulus 1s
ellective or ineflective. Eflective capture monitoring tracks
responses from cardiac tissue during pacing therapy.

Effective capture monitoring may be performed continu-
ously or, more preferably, performed periodically (e.g. 100
beats/hour (hr) daily etc.) 1n order to conserve battery life.
Preferably, eflective capture monitoring 1s performed 100
beats per hour and consists of normal pace timings (not the
ideal timing conditions of ECT). The eflective capture
monitoring (1.e. 100 beats per hour) 1s reported to the user as
a % of eflective capture beats. The user can apply any choice
of threshold for concern (e.g. 90%, etc.). After a period of
monitoring, a metric of eflective capture can be computed by
dividing the eflective capture counter by the total number of
paced beats. The method then returns to monitoring for the
next paced event at block 602.

After the first and second electrodes are each evaluated
for effective pacing using method 600, a determination 1s
made as to whether eflective capture 1s present at block 510
of FIG. 13A-13B. If neither the first or second paces
cllectively capture the cardiac tissue, then the NO path
returns to block 502 to test one or more other electrodes. IT
both the first and second paces are eflective, at block 510,
the paces delivered are declared to be effective and the YES
path continues to block 512. FIGS. 15A-15D are unipolar
clectrogram traces corresponding to LV electrodes (e.g.
cathodes) during multisite stimulation. Ventricular pacing
starts (VP) at begins at VP in each electrogram. FIG. 15A
clectrogram shows eflective capture occurred at LV1 elec-
trode-RV coil while FIG. 15B shows eflective capture occur-
ring at LV2 electrode-RV coil. In contrast, FIGS. 15C-15D
depicts eflective capture occurring at RV/LV1-LV2 elec-
trodes 1n FI1G. 15C while FIG. 15D shows 1netlective capture
at LV2-RV-coil. In particular, QS morphology at LV1-RV
Coil 1indicates eflective capture at cathode LV1 but r-S
morphology at LV2-RV Coil indicates lack of eflfective
capture at cathode LV2.

At block 512 the processor causes the type of multi-site
pacing to follow either a sequential pacing 514 path or a
simultaneous pacing path set of instructions. For example, 11
the multi-site pacing 1s deemed sequential pacing 514, then
inter-electrode timing 1s shortened at block 518 For
example, the inter-electrode timing may be altered 1n dec-
remental steps of 5 ms or 10 ms, 1.e. from 40 ms to 35 ms,
or from 40 ms to 30 ms. Thereafter, the path continues to
block 502 or 1s stopped for a pre-specified time period.

On the other hand, i1f the multi-site pacing 1s deemed
simultaneous pacing at block 516, an optional determination
block 520 of FIG. 13 A 1s used to determine whether pacing
output 1s at the highest output. The highest output 1s the
maximum amount of energy (e.g. highest amplitude, longest
pulse width) delivered by the IMD to the tissue. The YES
path from block 520 to block 524 indicates that meflective
capture 1s occurring which may be due to lead dislodgement
or a bad substrate (e.g. scar tissue). Therealter, another
clectrode may be evaluated for therapy delivery starting at
block 502. Returning to block 520, if pacing output 1s not at
its highest output, then the NO path continues to block 522

and the pacing output i1s increased.
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FIG. 13B i1s the same as FIG. 13A except that blocks 520
and 524 are removed and simultaneous pacing block con-
nects directly with block 522 1n which pacing output 1s
increased. Skilled artisans will appreciate that method 500
detects and confirms eflective tissue capture from each
individual electrode (e.g. cathode) during multipoint or
multisite LV pacing. In particular, method 500 distinguishes
steps based on which optimal timing intervals can be set for
sequential multi-point pacing compared to simultaneous
multi-point pacing.

An implantable medical device, method, or system use a
pacing sequence that has total pacing energy less than a
conventional single pace (e.g. 5 volts). For example, assume
a bipolar medical electrical lead 1s used to pace one electrode
to another electrode. Assume further that 5 volts at 0.5 ms
are needed to capture cardiac tissue. One embodiment of the
present disclosure contemplates using a precharge and a
pace. A first pace (e.g. a 2 volt pace) could be delivered to
a first target tissue (e.g. cardiac tissue) and a second pace
(e.g. a 2 volt pace) could be delivered to a second target
tissue (e.g. cardiac tissue) within the same cardiac cycle. In
this example, the capture achieved the same result as the
single pace delivered at 5 volts but less total energy (1.e. 4
volts) was used compared to the 5 volts for a single pace.

Another embodiment of the disclosure contemplates
using a precharge and a pace. A first pace (e.g. a 1 volt pace)
could be delivered to a first target tissue (e.g. cardiac tissue)
and a second pace (e.g. a 1 volt pace) could be delivered to
a second target tissue (e.g. cardiac tissue) within the same
cardiac cycle. In this example, the capture achieved the same
result as the single pace delivered at 5 volts but less total
energy (1.e. 2 volts) was used compared to the 5 volts for a
single pace. Energy 1s conserved by not delivering a typical

charge (e.g. 5 volts) to tissue.

In another embodiment of the disclosure, a precharge and
a pace are employed. A first pace (e.g. a pace in the range of
1 volt to about 2 volts) could be delivered to a first target
tissue (e.g. cardiac tissue) and a second pace (e.g. a pace in
the range of 1 volt to about 2 volts) could be delivered to a
second target tissue (e.g. cardiac tissue) within the same
cardiac cycle. In this example, the first pace and the second
pace are different voltages but achieves the same or similar
capture as the 5 volt pace. In addition, energy 1s conserved
by not delivering a full 5 volts to tissue.

One or more embodiments, relates using the capture
described herein to automatically select or present on a
graphical user interface on a computer (e.g. programmer the
optimal vectors. Optimal vectors employ minimum thresh-
olds to capture and/or avoid undesirable phrenic nerve
stimulation. In one or more embodiments, vector combina-
tions (1.e. first pacing vector, second pacing vector) are
selected to approximate normal contraction mechanics. In
one or more other embodiments, vector combinations (1.e.
first pacing vector, second pacing vector) are selected to
optimize pacing sequences based on stroke volume or ejec-
tion fraction.

Skilled artisans will appreciate that the methods described
herein are not limited to predetermined recharging time
pertods as taught by conventional devices. The set of
recharge requirements described herein provide greater flex-
ibility to implantable medical devices and may extend
battery life.

The tlow charts presented herein are intended to illustrate
the functional operation of the device, and should not be
construed as retlective of a specific form of software or
hardware necessary to practice the methods described. It 1s
believed that the particular form of software, hardware
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and/or firmware will be determined primarily by the par-
ticular system architecture employed 1n the device and by
the particular detection and therapy delivery methodologies
employed by the device. Providing circuitry to accomplish
the described functionality 1n the context of any modern
IMD), given the disclosure herein, 1s within the abilities of
one of skill in the art.

Methods described in conjunction with flow charts pre-
sented herein may be implemented in a computer-readable
medium that includes instructions for causing a program-
mable processor to carry out the methods described. A
“computer-readable medium” includes but 1s not limited to
any volatile or non-volatile media, such as a RAM, ROM,
CD-ROM, NVRAM, EEPROM, flash memory, and the like.
The 1instructions may be implemented as one or more
soltware modules, which may be executed by themselves or
in combination with other software.

Additionally, 1 the flow charts presented herein, 1t 1s
recognized that all blocks shown may not be performed in
some embodiments or may be performed 1n a different order
than the order shown. Furthermore, operations described in
conjunction with separate flow charts presented herein may
be combined 1n any combination to successiully achieve the
result of selecting multiple pacing sites along a heart cham-
ber and selecting an energy eflicient manner for delivering
the multi-site pacing.

In addition, pacing pulses may be applied to multiple sites
in the same or differing heart chambers to treat other cardiac
conditions, e.g., treating tachyarrhythmias by closely spaced
pacing pulses delivered through a plurality of somewhat
overlapping or non-overlapping pacing paths. In one or
more other embodiments, the selection of the ring or case
clectrode can be determined by the programmed pace polar-
ity for each chamber of the heart.

In one or more other embodiments, an integrated diag-
nostics risk score algorithm can be used to compute a risk
score ol a prospective heart failure event (HFE), and, 1n
response to the calculated risk HFE, implement multisite
pacing for a pre-specified period of time or until a precon-
dition 1s met. A HFE occurs when one of two criteria are
present. First, a HFE 1s declared when a patient 1s admaitted
to the hospital for worsening HF. Second, the patient
received Intravenous HF therapy (e.g. IV diuretics/vasodi-
lators) or ultrafiltration at any location (e.g. Emergency
Department, ambulance, observation unit of a medical unat,
Urgent Care, HF/Cardiology Clinic, patient’s home etc.) In
response to the risk score for the HFE, multisite pacing can
be performed that examines trends for a HFE 1n the next 30
days. A different therapy (e.g. multisite pacing) can be
automatically implemented by the IMD processor during a
heart failure exacerbation. Alternatively, the IMD can
receive a HFE risk status that causes the automatic imple-
mentation of multisite pacing.

In one or more other embodiments, multisite pacing can
be automatically implemented during a HFE exacerbation.
Once the exacerbation 1s resolved, the electrical stimulation
can return to regular pacing that was previously specified for
that patient. For example, suppose the medical personnel
believe a patient can benefit from multisite pacing but are
also concerned about the drain on the battery for the implant-
able medical device. The pacing therapy could be switched
by switching circuitry 38 to the multisite pacing therapy
believed to be more eflicacious during the exacerbation and
then switched back to the regular pacing therapy once the
exacerbation has run 1ts course.

FIG. 17 1s a flow diagram that depicts method 700 1n
which IMD 10 automatically switches between delivering
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conventional cardiac resynchronization therapy (CRT) (1.e.
biventricular or fusion pacing delivered to a single left
ventricular pacing site (LV site)) and multisite pacing of the
LV during a single cardiac cycle. Switching between con-
ventional CRT to multisite pacing occurs in response to the
processing circuitry 54 detecting a triggering condition (e.g.
switching mode condition to switch from conventional CRT
to multiple point pacing). At block 702, for example, the
IMD 10 employs conventional CRT pacing such as biven-
tricular pacing. Typically, conventional CRT 1s delivered
when a congestive heart failure patient 1s experiencing a
normal heart failure sensor status. For example, the process-
ing circuitry 34 can be configured to evaluate one or more
parameters to determine whether a patient 1s exhibiting
worsening HF such that a prospective heart failure event
(HFE) may occur in the near future (e.g. next 30 days).
Exemplary parameters useful in determining a HFE can
include an increasing trend of high or low night heart rate,
decreasing trend of low heart rate variability, decreasing
trend of patient physical activity, or other suitable param-
eters.

Additionally and/or alternatively, the therapy delivery
circuit 30 continues to cause conventional CRT to be deliv-
ered to cardiac tissue after processing circuitry 54 (or
programmer 1 communication with IMD 10) determines
ventricular arrhythmia i1s not present and/or 1s not detected
by sensing circuitry 60. Moreover, therapy delivery circuit
50 continues to cause CRT pacing to be delivered to cardiac
tissue after processing circuitry 54 determines the patient
has not experienced a ICD post-shock condition. In contrast,
patients experiencing a triggering condition, can cause the
IMD 10 to automatically switch to multisite pacing. A
triggering condition occurs when the IMD 10 sensing cir-
cuitry 60 acquires data from electrodes that causes process-
ing circuitry 54 to detect one of worsening heart failure

sensor status, ventricular arrhythmia, or a ICD post-shock
condition.

FIG. 18 1s a flow diagram that depicts method 800
performed by IMD 10. Method 800 1s similar to method 700
but provides more detailed steps to achieve a closed loop
system to automatically switch from conventional CRT to
multisite pacing.

Method 800 begins at block 802 1n which heart activity 1s
acquired by IMD 10 wvia sensing circuitry 60 receiving
signals from electrode(s) located in, on or near the cardiac
tissue (e.g. left ventricle, right ventricle, right atrium, left
atrium). Exemplary data that may be directly used to deter-
mine whether congestive heart failure 1s worsening 1s varied.
The data can be directly acquired from electrodes associated
with an 1mplantable medical device 10. In addition or
alternatively, data can be acquired from other implantable
medical devices 1n communication with implantable medi-
cal device 10. Exemplary implantable medical devices 1n
communication implantable medical device 10 include
implantable recording devices such as LINQ™ commer-
cially available from Medtronic, Inc. located Minneapolis,
MN In addition or alternatively, data can be obtained from
devices that include exterior electrodes (1.e. exterior to a
patient’s body such as skin electrodes etc.). Data that 1s
acquired from devices other than IMD 10 can be commu-
nicated to implantable medical device 10 so that the pro-
cessing circuit 34 can determine with a triggering condition
has occurred to automatically switch from conventional
CRT (1.e. deliver single site pacing) to multisite pacing.
Alternatively, a computing device exterior to the patient’s
body can acquire the implantable medical device data and
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determine whether a triggering condition 1s present to switch
from conventional CRT to multisite pacing.

Data that includes heart rate, heart rate variability, fluid
status, tissue edema, minute ventilation, activity, filling
pressure, oxygenation, temperature etc.

Heart rate 1s the speed of the heartbeat measured by the
number of contractions (Le, beats) of the heart per minute
(bpm). The heart rate may be too fast, referred to as
tachycardia; or too slow, referred to as bradycardia.

Reduced variability 1in the patient’s heart rate may help
identify heart failure decompensation. IMD 10 1s configured
to measure each atrial interval and calculates the median
atrial interval every 5 min. IMD 10 can then calculates a
variability value (1n ms) for each day.

Flmid Status data measures the patient’s thoracic imped-
ance. The RVcoil to Can electrodes form a pathway that
passes through the tissue 1n the thoracic cavity. Increases in
thoracic fluid cause a decrease 1n 1impedance for this path-
way. Decreases 1n thoracic fluid cause an increase i imped-
ance for this pathway. Edema 1s accumulation of excessive
fluid 1n the tissues.

Respiratory minute volume (or minute ventilation or
minute volume) 1s the volume of gas inhaled (1inhaled minute
volume) or exhaled (exhaled minute volume) from a per-
son’s lungs per minute.

Filling pressure 1s the pressure in the ventricle as it fills
with blood, ordinarily equivalent to the mean atrial pressure
when there 1s no AV valvular gradient. Examples of data that
may be acquired relative to IMD 10 1s described with respect
to U.S. Pat. No. 7,027,866 B2, U.S. Pat. No. 8,271,072 and
assigned to the assignee of the present invention, the dis-
closures of which are incorporated by reference in their
entirety herein. As previously data may also be acquired
non-invasively via non-implantable electrodes (e.g. elec-
trodes located on wearable items such as watches (e.g.
Garmin™ FORERUNNER™, FITBIT™, Apple 1Watch™
etc.) and/or an ECG belt or vest to help determine whether
a congestive HF patient’s condition 1s worsening. Exem-
plary data that may be acquired from watches are designed
to track activity (e.g. walking, running, swimming, cycling,
skiing, rowing, surfing, hiking, rock climbing, tennis, sleep-
ing and/or movement while sleeping, etc.) that may be
helptul to determine whether the patient activity has dra-
matically decreased over a period of time (e.g. short period
of time e.g. 1 month etc.) or gradual decreased activity that
1s statistically significant over a longer period of time (e.g.
1 year etc.). Exemplary health data from non-implantable
clectrodes (e.g. watch) comprises VO, maximum, heart rate,
heart rate variability, all day heart rate, all day stress, data
displaying trend of heart rate over a predetermined time (up
to 1 hour, 1 day, 1 week, 1 month, 1 year etc.) Other data
may comprise weight that 1s automatically and wirelessly
transierred from a weight scale, referred to as GARMIN™
Index Weight Scale, commercially available {from
GARMIN™ Jocated 1n Olathe Kansas over BLU-
ETOOTH™ to a processor circuitry located in a personal
digital assistant (e.g. cell phone) or a computer. In addition,
data may be acquired from ECG belts or vests. Examples of
data that may be acquired relative to an ECG belt or vest 1s
described with respect to U.S. Pat. No. 9,132,274 B2, U.S.
Pat. No. 9,278,219 and assigned to the assignee of the
present invention, the disclosures of which are incorporated
by reference in their entirety herein. Data acquired from
non-implantable sensors may be stored into memory of the
non-implantable device (e.g. watch, PDA, etc.) and/or wire-
lessly transmitted over BLUETOOTH™ to a server that
saves date 1nto memory.
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The data sensed from implantable electrode(s) 1s stored
into memory 82 of the IMD 10 that can be wirelessly
transierred to a programmer and/or a personal digital assis-
tant. Exemplary information acquired from sensed data (e.g.
EGMs) include QRS duration, R-wave timing, pacing-RV
(or LV) sensing, and/or VV interval. Pacing-RV (or LV)
sensing means the time interval from pacing (or pacing
artifact) to the RV (or LV) sensing. Data acquired from other
implantable medical devices or devices exterior to IMD 10
can be communicated to IMD 10 and stored into memory of
IMD 10. Alternatively, a programmer or computer can
acquire data from IMD 10. The programmer or a computer
can process the data acquired from devices other IMD 10.
The programmer or the computer can signal IMD 10 to
switch from conventional CRT to multisite pacing.

At decision block 804, the processor 34 of the IMD 10
uses the data, acquired from the sensed heart activity (e.g.
recording of EGMs etc.) 1n block 802, to determine whether
HF condition(s) are worsening. An example of data that may

indicate whether congestive heart failure 1s worsening may
be seen with respect to US 2016-0361026 Al, entitled

“METHOD AND APPARATUS FOR MONITORING TIS-
SUE FLUID CONTENT FOR USE IN AN IMPLANT-
ABLE CARDIAC DEVICE” filed, Feb. 20, 2012, U.S. Pat.
No. 9,247,883 B2, entitled “Detecting Worsening Heart
Failure Based On Fluid Accumulation With Respiratory
Confirmation™ and assigned to the assignee of the present
invention, the disclosure of which are incorporated by
reference 1n their entirety herein.

Data can be tracked over time to show trends. Data trends
can be provided up to a certain amount of time (e.g. 14
months or more etc.) of clinically significant patient data.
Exemplary data trends includes the frequency of arrhyth-
mias, physical activity, heart rates, and implantable medical
device therapies. An atrial arrhythmia trend and a histogram
of ventricular rate during atrial tachycardia or atrial fibril-
lation (AT/AF) can be provided in IMD 10. Medtronic
Insertable Cardiac Monitors (ICM) (e.g. REVEAL™)
include trends 1n the occurrence of arrhythmias and symp-
toms, the amount of physical activity and heart rate vari-
ability. The Cardiac Compass trends are based on data and
measurements collected daily. Data storage for Cardiac
Compass trends 1s automatically performed. The IMD 10
begins storing data after the IMD 10 1s implanted in the
patient. Each day thereaiter, the device stores a set of
Cardiac Compass trend data. Storage of data into memory
continues until the 14-month storage capacity 1s filled. At
that point, the oldest stored data can be overwritten with new
data. An analysis of climical information collected over a
long term can help clinicians follow changes in a patient’s
condition and correlate these changes with variations 1n
device programming, medication, patient activity, or symp-
toms.

If a patient’s congestive HF condition 1s worsening,
processing circuitry 54 causes switching circuitry 58 to
activate more or all of the electrodes on the pacing device(s)
10 (e.g. left heart lead, leadless pacing device(s) etc.) deliver
pacing to the tissue at block 806.

Another determination can be made by processing cir-
cuitry 54 as to whether the patient 1s experiencing ventricu-
lar arrhythmia. Ventricular arrhythmias include ventricular
tachycardia and ventricular fibrillation. Arrhythmias can
comprise abnormal rapid heart rhythms (La arrhythmias)
that originate in the lower chambers of the heart (the
ventricles).

Ventricular dyssynchrony can cause ineflective ventricular
filling and contraction, leading to worsening of heart failure
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symptoms that can result 1n reduced stroke volume and,
consequently, reduced blood flow to the body. Cardiac
resynchronization therapy (CRT) treats ventricular dyssyn-
chrony by providing coordinated paces to both the left and
right ventricles. Successtul resynchronization of left and
right ventricles improves the efliciency of each contraction,
thus increasing cardiac output.

If processing circuitry 60 determines a patient’s conges-
tive HF condition 1s not worsening at block 804, IMD 10
processing circuitry 60 continues to block 810 and activates
the LV electrode that 1s selected to pace cardiac tissue.
Selection of the LV electrode to pace cardiac tissue can be
based upon optimal activations times that are responsive to
pacing stimuli delivered by IMD 10. U.S. Pat. No. 8,750,998
B1 provides an example way in which optimal electrode(s)
can be selected to pace cardiac tissue.

At block 808, CRT pacing 1s delivered using the selected
clectrode(s) located on a medical electrical lead (e.g.
ATTAIN PERFORMA™) For example, a single pacing
vector 1s employed to pace cardiac tissue when continuing
from block 810.

FIG. 19 depicts a flow diagram of method 900 1n which
processing circuitry 60 of IMD 10 automatically causes the
signal generator to generate pacing pulses delivered to
cardiac tissue through using a single pacing vector to pacing
with a set or all of pacing vectors along a lead (e.g. left
ventricular lead) disposed along the cardiac tissue (e.g.
ventricle (1.e. LV, and/or RV), atnia (1.e. LA, RA)). At block
902, a set of data 1s acquired through sensing data from LV
clectrodes on the lead coupled to cardiac tissue. The data can
be acquired from the IMD 10, as shown, for example, in
FIG. 1. Sensed data can also be acquired via wearable
sensors or from a hospital visit. Exemplary data acquired 1n
block 902 includes heart rate, heart rate variability, fluid
status, tissue edema, minute ventilation, activity, filling
pressure, oxygenation, and/or temperature etc.

Data mput from blocks 904-908 form block 802 of FIG.
18. At block 904, the processing circuitry (processor 34,
programmer, and/or server processor) determines whether a
congestive HF threshold has been crossed. Crossing a
threshold can involve exceeding a threshold that causes a
response to be triggered. For example, when a patient’s heart
rate exceeds a pre-determined level (e.g. 200 beats per
minute), the IMD 10 may be configured to automatically
signal an alert to the patient and/or physician. Crossing a
threshold can also include when electrolyte (e.g. potassium,
magnesium, sodium etc.) levels are determined, by IMD 10,
to be too low for a patient. Electrolyte data can be acquired
in a variety of ways including through a sensor coupled to
the implantable medical device.

At block 906, the time 1n which ICD therapy 1s delivered
1s less than a pre-specified interval because 1t 1s desirable to
determine whether the ICD therapy 1s eflective. For
example, ICD therapy (e.g. defibrillation) may be 1 minute
(e.g. 60 seconds). Typically, the pre-specified interval 1s less
than 15 minutes.

At block 908, a determination 1s made, by processing
circuitry 54 using data sensed from electrodes coupled to
cardiac tissue, that slow ventricular tachycardia (V1) (<148
bpm) 1s present. Slow VT can be ethciently and safely
terminated by anti-tachycardia (ATP) pacing.

At block 910, a determination 1s made by processing
circuitry 54 as to whether the patient 1s experiencing con-
gestive HE status.

Yet another determination 1s made by processing circuitry
54 as to whether the patient 1s experiencing an active
arrhythmia.
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Still yet another determination 1s made by processing
circuitry 34 as to whether an active ICD post therapy pacing.

The NO path from block 910 continues to block 916 1n a
LV celectrode 1s programmed to deliver pacing pules to
cardiac tissue.

The YES path from block 910 continues to block 912 in
which all or a portion of all of the pacing electrodes are
activated by the switching circuit to deliver pacing pulses to
the cardiac tissue (1.e. LV). Thereafter, CRT pacing 1s
continued at block 914.

FI1G. 20 15 a flow diagram that 1s implemented, 1n a closed
loop, by an implantable medical device 10 that detects
ineflective capture and, 1n response, IMD 10 1s configured to
automatically switch between pacing a single site to deliv-
ering multisite pacing along a single chamber (e.g. left
ventricle etc.) during a single cardiac cycle. Switching
between single and multisite pacing 1s performed 1n a closed
loop system by IMD 10. Method 1000 1s further configured
to monitor sensed signals using the sensing circuitry 60 in
response to the pacing stimuli (e.g. pacing pulses) generated
by the therapy delivery circuitry 50. In response to the
monitored (or sensed) electrical signals, the processing
circuitry 54 of IMD 10 can modily timing of the pacing
stimuli from one or more of the pacing electrodes. The
timing of the pacing stimuli 1s modified or controlled based
upon whether eflective capture 1s achieved by the pacing
stimuli delivered from the pacing electrode to the cardiac
tissue. For example, the timing of the pacing pulses can be
adjusted to be delivered earlier 1t eflective capture 1s not
occurring one or more LV electrodes. Alternatively, 11 effec-
tive capture 1s occurring, the timing can be increased.

Method 1000 uses a multiclectrode implantable medical
device 10. The multi-electrode device (e.g. 2 electrodes, 4
clectrodes etc. on a quadripolar lead, or N electrodes on an
implantable device (that includes a lead) 1n which N 1s an
integer up to 16) 1s to ensure that the window for analysis for
cllective capture 1s actually starting on the first pacing event.
The first pacing event can include simultaneous pacing
events or sequential pacing events. In one embodiment, a
window 1s configured to capture sequential of activation or
sequential delays.

Method 1000 begins at block 1010 in which signals are
sensed via non-pacing electrodes on or associated with the
implantable medical device 10. Cardiac EGM signals (either
analog sensed event signals or digitized signals or both) are
acquired by processor 34 for detecting physiological events,
such as detecting and discriminating cardiac arrhythmaias.
Left ventricular electrode, designated as x, being one of the
clectrodes on a quadripolar left ventricular lead to RV coil
clectrode (LVxX-RV Coil) and left ventricular electrode,
designated as vy, being one of the electrodes on a quadripolar
left ventricular lead to RV coil electrode (LVy-RV Coil)
signals are sensed by electrodes and acquired by sensing
circuitry 60. X 1s the designation for one electrode and Y 1s
the designation for another electrode on the leit ventricular
quadripolar lead. A sensing amplifier for LV sensing 1s not
needed. EGM channels record electrical activity between
these electrodes. Processing circuitry 54 analyzes the sensed
signals for effective capture. The firmware can then execute
algorithm(s) to cause the processing circuitry 34 to modily
parameters 1 a closed loop fashion.

Block 1010 also causes processing circuitry 54 to analyze
LVxX-RV coil signal and LVy-RV coil signal for each multi-
point beat for eflective capture. As previously stated, eflec-
tive capture for each beat can be analyzed using U.S. Pat.
No. 8,750,998, incorporated by reference in its entirety
herein.
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At decision block 1012, a determination 1s made by
processing circuitry 34 as to whether eflective capture
occurred at the tissue site where the LVX electrode 1s located.
The YES path from decision block 1012 returns to block
1010 to continue monitoring signals by processing circuitry
54. The NO path from block 1012 continues to decision
block 1016 1n which a determination 1s made by processing
circuitry 54 as to whether a delay between LVx and LVy 1s
de minim 1s (e.g. 0 ms or about O ms). The NO path from
decision block 1016 continues to block 1022 in which the
delay 1s decreased by processing circuitry 54 between LVX
and LVy by a predetermined amount (e.g. 5 ms, 10 ms, any
time up to 15 ms) for the next beat. processing circuitry 54
signals the timing circuit to update timing between LVX and
[LVy. After the delay has been decreased, the logic returns to
sensing and analyzing signals at block 1010, as previously
described.

Simultaneous to effective capture at LVX being evaluated
at decision block 1012, effective capture 1s also evaluated at
LVy at decision block 1014. At block 1014, 1f eflfective
capture occurs at LVy, the YES path returns to block 1010 to
continue monitoring and analyzing signals as previously
described. The NO path from block 1014 continues to block
1016 to determine whether the delay between LVX and LVy
1s 0 ms. The NO path from block 1016 continues to block
1012 in which the delay 1s decreased for the next beat, as
previously described, and then returns to monitoring and
analyzing sensed signals at block 1010.

Returning to block 1016, 1f the delay between LVX and
LVy 1s 0 ms, the YES path continues to decision block 1018
in which processing circuitry 54 determines whether eflec-
tive capture only occurred at LVX only. The YES path from
block 1018 continues to block 1020 in which the pacing
circuitry 34 automatically changes LVX to another pacing
clectrode. For example, LVx can be changed to another
pacing electrode along the LV lead. After LVx has been
changed to another pacing electrode, the IMD 10 returns to
block 1010 to continue monitoring and analyzing sensed
signals.

I a determination at decision block 1018 indicates eflec-
tive capture 1s occurring at block 1018, the NO path con-
tinues to decision block 1024 so that a determination can be
made by processing circuitry 54 as to whether effective
capture 1s occurring at LVy only. The YES path from
decision block 1024 continues to block 1026 1n which LVy
1s changes to another pacing electrode. After LVy 1s changed
to another pacing electrode along, for example, the LV lead,
IMD 10 continues to sense and analyze the sensed signals
for eflective capture at block 1010.

The NO path from block 1024 requires that both LVx and
LVy be changed to other pacing electrodes. IMD 10 contin-
ues to sense signals at block 101.

The delay between LVX and LVy can range between 0-4
ms. Simultaneous pacing can be defined as occurring
between 0-0.4 ms in one embodiment.

In another embodiment to FIG. 20, a flowchart would be
exactly the same as FIG. 20 except box 1016 1s replaced
such that the switch to a different electrode set occurs 1n
response to the delay between the delivered LV pacing
pulses being less than a preset duration “x”, which will
typically be a few milliseconds or less, e.g. 0 to 5 ms.

Processor 80 may include any one or more of a micro-
processor, a controller, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field-pro-
grammable gate array (FPGA), or equivalent discrete or
integrated logic circuitry. In some examples, processor 80
may include multiple components, such as any combination
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of one or more microprocessors, one or more controllers,
one or more DSPs, one or more ASICs, or one or more
FPGASs, as well as other discrete or integrated logic circuitry.
The functions attributed to processor 80 herein may be
embodied as software, firmware, hardware or any combina-
tion thereof. Processor 80 controls stimulation generator 84
to deliver stimulation therapy to heart 12 according to a
selected one or more of therapy programs, which may be
stored 1in memory 82. Specifically, processor 44 may control
stimulation generator 84 to deliver electrical pulses with the
amplitudes, pulse widths, frequency, or electrode polarities
specified by the selected one or more therapy programs. The
term “processor’ or “processing circuitry”’ may generally
refer to any of the foregoing logic circuitry, alone or in
combination with other logic circuitry, or any other equiva-

lent circuitry.

It will also be appreciated that the stimulation energy may
be other than a pacing pulse, and that the stimulation path
may constitute other living body tissue stimulated at mul-
tiple sites 1n a sequential fashion, e.g., nerve, bladder,
sphincter, brain, and other organs or muscle groups. The
problems of recharging any reactive living body tissue
stimulation path to enable closely spaced delivery of stimu-
lation pulse energy can be addressed 1n the manner described
above.

While the pace current can be configured to travel from
the anode to the cathode, skilled artisans appreciate that the
circuit diagram could be configured to cause the pace current
to travel from the cathode to the anode.

The following paragraphs enumerated consecutively from
1-37 provide for various aspects of the present disclosure. In
one embodiment, the present disclosure provides a first
embodiment of a pacing device comprising a set of elec-
trodes 1ncluding a first ventricular electrode and a second
ventricular electrode, spatially separated from one another
and all coupled to an implantable pulse generator.

Embodiment 1 1s a pacing device comprising:

a set of electrodes including first and second left ven-
tricular electrodes spatially separated from one another
and a right ventricular electrode, all coupled to an
implantable pulse generator; and

a processing circuit coupled to the implantable pulse
generator, the processing circuit configured to deter-
mine whether a prospective heart failure condition has
occurred and 1f so to trigger the pulse generator to
switch from a first pacing mode to a second pacing
mode, the first pacing mode comprising delivering only
a first pacing pulse to a leit ventricle (LV) and thereafter
delivering an RV pacing pulse to the right ventricular
clectrode within a single cardiac cycle and the second
pacing mode comprising delivering first and a second
pacing pulses to the LV and thereafter delivering an RV
pacing pulse to the right ventricular electrode within a
single cardiac cycle.

Embodiment 2 1s a pacing device of embodiment 1
wherein the processing circuit 1s configured to recerve
parameters regarding at least one of: heart rate, heart
rate variability, fluid status, tissue edema, minute ven-
tilation, activity, electrolyte level, filling pressure, oxy-
genation, and/or temperature and to determine whether
the at least one parameter exceeds a set threshold and
wherein exceeding the set threshold comprises a deter-
mination that the prospective heart failure condition has
occurred.

Embodiment 3 is the pacing device of any of embodi-
ments 1-2 wherein the processing circuit 1s configured
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to receive arrhythmia data sensed from one or more
clectrodes from the set of electrodes.

Embodiment 4 1s the pacing device of any of embodi-
ments 1-3 wherein the processing circuit 1s configured
to receive ICD post-shock data.

Embodiment 5 1s the pacing device of any of embodi-
ments 1-4 wherein the implantable pulse generator
generates signal pulses to two or more left ventricular
clectrodes, disposed on a lead, during the same cardiac
cycle.

Embodiment 6 1s the pacing device of any of embodi-
ments 1-5 wherein the implantable pulse generator
generates signal pulses to up to four left ventricular
clectrodes, disposed on a lead, during the same cardiac
cycle.

Embodiment 7 1s the pacing device of any of embodi-
ments 1-6 wherein the processing circuit 1s configured
to receive worsening heart failure condition data.

Embodiment 8 1s a pacing device comprising;

a set of electrodes including first and second left ven-
tricular electrodes spatially separated from one another
and a right ventricular electrode, all coupled to an
implantable pulse generator; and

a processing circuit coupled to the mmplantable pulse
generator, the processing circuit configured to deter-
mine whether a ventricular tachycardia 1s occurring and
if so to trigger the pulse generator to switch from a first
pacing mode to a second pacing mode, the {irst pacing
mode comprising delivering only a first pacing pulse to
a left ventricle (LV) and thereafter delivering an RV
pacing pulse to the right ventricular electrode within a
single cardiac cycle and the second pacing mode com-
prising delivering first and a second pacing pulses to
the LV and thereafter delivering an RV pacing pulse to
the right ventricular electrode within a single cardiac
cycle.

Embodiment 9 1s a pacing device comprising:

a set of electrodes including first and second left ven-
tricular electrodes spatially separated from one another
and a right ventricular electrode, all coupled to an
implantable pulse generator; and

a processing circuit coupled to the implantable pulse
generator, the processing circuit configured to deter-
mine whether less than a defined interval of time has
clapsed since delivery of a defibrillation pulse from an
implantable cardiac defibrillator and i1 so, to trigger the
pulse generator to switch from a first pacing mode to a
second pacing mode, the first pacing mode comprising,
delivering only a first pacing pulse to a left ventricle
(LV) and thereafter delivering an RV pacing pulse to
the right ventricular electrode within a single cardiac
cycle and the second pacing mode comprising deliver-
ing first and a second pacing pulses to the LV and
thereafter delivering an RV pacing pulse to the right
ventricular electrode within a single cardiac cycle.

Embodiment 10 1s a pacing device comprising;:

a set of electrodes 1including first, second, third, and fourth
lett ventricular (LV) electrodes spatially separated from
one another and all coupled to an implantable pulse
generator,

a processing circuit coupled to the implantable pulse
generator, the processing circuit configured to:

a) cause the pulse generator to deliver pacing 1n a pacing,
mode comprising delivering {first pacing and second
pacing pulses to a left ventricle (LV) within a single
cardiac cycle using the first and second LV electrodes;
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b) to determine duration of a delay between the first and
second pacing pulses; and

¢) to determine whether capture has been lost at one or
both of the first and second LV electrodes and 11 so to
trigger the pulse generator to modily the pacing mode
in response to the determined loss of capture, wherein
the modification to the pacing mode comprises;

1) when the determined delay between the first and
second pacing pulses 1s greater than a preset dura-
tion, subsequently delivering following pacing
pulses to the left ventricle (LV) using the first and
second LV electrodes separated by a delay different
from the determined duration; and

11. when the determined delay between the first and
second pacing pulses 1s less than or equal to the
preset duration; subsequently delivering following
pacing pulses to the left ventricle using at least one

of the third and fourth LV electrodes.

Embodiment 11 1s a pacing device according to embodi-
ment 10 wherein:

when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at only the first LV electrode, the
following pacing pulses are delivered to the left ven-
tricle using the second and third LV electrodes.

Embodiment 12 1s a pacing device according to any of
embodiments 10-11 wherein:

when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at both the first and second LV
clectrodes, LV electrode, the following pacing pulses
are delivered to the left ventricle using the third and
fourth LV electrodes.

Embodiment 13 1s a pacing device according to any of
embodiments 10-12 wherein the preset duration 1s zero.

Embodiment 14 1s a pacing device according to of any of
embodiments 10-13 wherein the delay different from
the determined duration 1s a delay less than the deter-
mined duration.

Embodiment 15 1s a method comprising:

determining, with an implantable medical device, whether
a ventricular tachycardia 1s occurring, and 1if so,

triggering a pulse generator to switch from a first pacing
mode to a second pacing mode, the first pacing mode
comprising delivering only a first pacing pulse to a left
ventricle (LV) and thereafter delivering an RV pacing
pulse to a right ventricular electrode within a single
cardiac cycle and the second pacing mode comprising
delivering first and a second pacing pulses to a LV and
thereafter delivering an RV pacing pulse to the right
ventricular electrode within a single cardiac cycle.

Embodiment 16 1s a method comprising;:

determining whether less than a defined interval of time
has elapsed since delivery of a defibrillation pulse from
an 1implantable cardiac defibrillator and 1f so, triggering
a pulse generator to switch from a first pacing mode to
a second pacing mode, the first pacing mode compris-
ng:

delivering only a first pacing pulse to a leit ventricle (LV)
and thereafter delivering an RV pacing pulse to the
right ventricular electrode within a single cardiac cycle
and the second pacing mode comprising delivering first
and a second pacing pulses to the LV and,

thereafter delivering an RV pacing pulse to the right
ventricular electrode within a single cardiac cycle.
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Embodiment 17 1s a method comprising:

a) causing a pulse generator to deliver pacing 1n a pacing,
mode comprising delivering first pacing and second
pacing pulses to a left ventricle (LV) within a single
cardiac cycle using the first and second LV electrodes;

b) determining duration of a delay between the first and
second pacing pulses; and

¢) determining whether capture has been lost at one or
both of the first and second LV electrodes and 11 so to
trigger the pulse generator to modily the pacing mode
in response to the determined loss of capture, wherein
the modification to the pacing mode comprises;

1) when the determined delay between the first and
second pacing pulses 1s greater than a preset dura-
tion, subsequently delivering {following pacing
pulses to the left ventricle (LV) using the first and
second LV electrodes separated by a delay different
from the determined duration; and

11. when the determined delay between the first and
second pacing pulses 1s less than or equal to the
preset duration; subsequently delivering following
pacing pulses to the left ventricle using at least one
of the third and fourth LV electrodes.

Embodiment 18 1s a method according to embodiment 17
wherein:

when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at only the first LV electrode, the
following pacing pulses are delivered to the left ven-
tricle using the second and third LV electrodes.

Embodiment 19 1s a method according to any of embodi-
ments 17-18 wherein:

when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at both the first and second LV
clectrodes, LV electrode, the following pacing pulses
are delivered to the left ventricle using the third and
fourth LV electrodes.

Embodiment 20 1s a method according to any embodi-
ments 17-19 wherein the preset duration 1s zero.

Embodiment 21 1s a method according to any of embodi-
ments 17-20 wherein the delay different from the
determined duration 1s a delay less than the determined
duration.

Other examples include systems comprising means for

performing any of the methods described herein.

Other examples mclude computer-readable media com-
prising instructions that, when executed by processing cir-
cuitry of a medical device system, cause the processing
circuitry to perform any of the methods described herein.

Thus, an apparatus and method for controlling multi-site
pacing have been presented 1n the foregoing description with
reference to specific embodiments. It 1s appreciated that
vartous modifications to the referenced embodiments may
be made without departing from the scope of the disclosure
as set forth in the following claims.

The mnvention claimed 1s:

1. A pacing device comprising:

a set of electrodes including first, second, third, and fourth
lett ventricular (LV) electrodes spatially separated from
one another and all coupled to an implantable pulse
generator, and

a processing circuit coupled to the mmplantable pulse
generator, the processing circuit configured to:

cause the pulse generator to deliver pacing 1n a pacing
mode comprising delivering first pacing and second
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pacing pulses to a left ventricle within a single cardiac
cycle using the first and second LV electrodes;

determine duration of a delay between the first and second
pacing pulses;

determine whether capture has been lost at one or both of 5

the first and second LV electrodes; and
trigger the pulse generator to modily the pacing mode 1n
response to the determined loss of capture, wherein the
modification to the pacing mode comprises:
when the determined delay between the first and second
pacing pulses 1s greater than a preset duration, sub-
sequently delivering pacing pulses to the left ven-
tricle using the first and second LV electrodes sepa-
rated by a delay different from the determined
duration; and
when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset
duration subsequently delivering pacing pulses to the
left ventricle using at least one of the third and fourth
LV electrodes.
2. A pacing device according to claim 1 wherein:
when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at only the first LV electrode, the
subsequent pacing pulses are delivered to the left
ventricle using the second and third LV electrodes.
3. A pacing device according to claim 1 wherein:
when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at both the first and second LV
clectrodes, the subsequent pacing pulses are delivered
to the left ventricle using the third and fourth LV
clectrodes.
4. A pacing device according to claim 1 wherein the preset
duration 1s zero.
5. A pacing device according to claim 1 wherein the delay
different from the determined duration i1s a delay less than
the determined duration.
6. A pacing device according to claim 1 wherein deter-
mimng whether capture has been lost at one or both of the
first and second LV electrodes comprises:
monitoring a LV electrogram following a paced beat using
one or more of the first, second, third, and fourth left
LV electrodes; and

determining whether capture has been lost at one or both
of the first and second LV electrodes for a paced beat
based on one or more morphological features of the LV
clectrogram following the paced beat.

7. A pacing device according to claim 6 wherein deter-
mimng whether capture has been lost at one or both of the
first and second LV electrodes for a paced beat based on one
or more morphological features of the LV electrogram
tollowing the paced beat comprises determining that capture
has been lost at one or both of the first and second LV
clectrodes for the paced beat when a difference between a
timing of a maximum amplitude and a timing of a minimum
amplitude of the LV electrogram following the pacing pulse
1s less than a threshold.

8. A pacing device according to claim 6 wherein deter-
mimng whether capture has been lost at one or both of the
first and second LV electrodes for a paced beat based on one
or more morphological features of the LV electrogram
tollowing the paced beat comprises determining that capture
has been lost at one or both of the first and second LV
clectrodes for the paced beat when a timing of a minimum
amplitude of the LV electrogram following the pacing pulse
1s less a preselected value.
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9. A method comprising:

causing a pulse generator to deliver pacing 1n a pacing
mode comprising delivering first pacing and second
pacing pulses to a left ventricle within a single cardiac
cycle using first and second LV electrodes;

determining duration of a delay between the first and
second pacing pulses;

determiming whether capture has been lost at one or both
of the first and second LV electrodes; and

triggering the pulse generator to modily the pacing mode

in response to the determined loss of capture, wherein

the modification to the pacing mode comprises:

when the determined delay between the first and second
pacing pulses 1s greater than a preset duration, sub-
sequently delivering pacing pulses to the left ven-
tricle using the first and second LV electrodes sepa-
rated by a delay different from the determined
duration; and

when the determined delay between the first and second
pacing pulses 1s less than or equal to the preset
duration subsequently delivering pacing pulses to the
left ventricle using at least one of third and fourth LV
clectrodes.

10. A method according to claim 9 wherein:

when the determined delay between the first and second

pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at only the first LV electrode, the
subsequent pacing pulses are delivered to the left
ventricle using the second and third LV electrodes.

11. A method according to claim 9 wherein:

when the determined delay between the first and second

pacing pulses 1s less than or equal to the preset duration
and capture 1s lost at both the first and second LV
clectrodes, the subsequent pacing pulses are delivered
to the left ventricle using the third and fourth LV
clectrodes.

12. A method according to claim 9 wherein the preset
duration 1s zero.

13. A method according to claim 9 wherein the delay
different from the determined duration 1s a delay less than
the determined duration.

14. A pacing device according to claim 1 wherein deter-
mining whether capture has been lost at one or both of the
first and second LV ce¢lectrodes comprises determining
whether capture has been lost at one or both of the first and
second LV electrodes over a number of beats within a
monitoring time period.

15. A pacing device according to claim 14 wherein
determining whether capture has been lost at one or both of
the first and second LV electrodes further comprises deter-
mining that capture has been lost at one or both of the first
and second LV electrodes i1 capture has been determined to
be lost at one or both of the first and second LV electrodes
for a selected percentage of the number of beats within the
monitoring time period.

16. A method according to claim 9 wherein determining
whether capture has been lost at one or both of the first and
second LV electrodes comprises determining whether cap-
ture has been lost at one or both of the first and second LV
clectrodes over a number of beats within a monitoring time
period.

17. A method according to claim 16 wherein determining
whether capture has been lost at one or both of the first and
second LV electrodes further comprises determining that
capture has been lost at one or both of the first and second
LV electrodes when capture has been determined to be lost
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at one or both of the first and second LV electrodes for a
selected percentage of the number of beats within the
monitoring time period.

18. A method according to claim 9 wherein determining
whether capture has been lost at one or both of the first and
second LV electrodes comprises:

monitoring a LV electrogram following a paced beat using
one or more of the first, second, third, and fourth left

LV electrodes; and

determining whether capture has been lost at one or both
of the first and second LV electrodes for a paced beat
based on one or more morphological features of the LV
clectrogram following the paced beat.

19. A method according to claim 18 wherein determining
whether capture has been lost at one or both of the first and
second LV electrodes for a paced beat based on one or more
morphological features of the LV electrogram following the
paced beat comprises determining that capture has been lost
at one or both of the first and second LV electrodes for the
paced beat 1I a diflerence between a timing of a maximum
amplitude and a timing of a minimum amplitude of the LV
clectrogram following the pacing pulse i1s greater than or
equal to a threshold.

20. A pacing device comprising:

a set of electrodes including first, second, third, and fourth
left ventricular (LV) electrodes spatially separated from
one another and all coupled to an implantable pulse
generator, and

a processing circuit coupled to the implantable pulse
generator, the processing circuit configured to:
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iitiate delivery of one of simultaneous multisite left
ventricular pacing and sequential multisite left ven-
tricular pacing using the implantable pulse generator,
wherein each of the simultaneous multisite left ven-
tricular pacing and sequential multisite left ventricu-
lar pacing comprises delivering a first pacing pulse to
a left ventricle using the first left ventricular elec-
trode and delivering a second pacing pulse to the left
ventricle using the second left ventricular electrode
following the first pacing pulse within a single
cardiac cycle, wheremn a timing delay 1s defined
between the first pacing pulse and the second pacing
pulse, wherein the timing delay 1s less than or equal
to a preset duration during simultaneous multisite
left ventricular pacing and 1s greater than the preset
duration during sequential multisite left ventricular
pacing;
determine whether capture has been lost at one or both of
the first and second LV electrodes;
in response to determination that capture has been lost at
one or both of the first and second LV electrodes and
when sequential pacing 1s being delivered, shorten the
timing delay; and
in response to determination that capture has been lost at
one or both of the first and second LV electrodes and
when simultaneous pacing 1s being delivered, subse-
quently delivering the first and second pacing pulses to
the left ventricle using at least one of the third and
fourth LV electrodes.
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